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SUMMARY 


This  report  describes  beach  mobility  tests  that  were  conducted  by  t he  U.  S.  Army 
at  the  Naval  Amphibious  Base,  Little  Creek,  Virginia,  during  September  and  October 
1973.  Analysis  of  the  data  has  resulted  in  a  suggested  modification  to  the  Cone  Index 
Mobility  Model  to  be  used  when  predicting  performance  of  large  material  handling 
vehicles  on  sandy  beaches  or  in  desert  areas. 

Drawbar  pull  (DBF)  and  maximum  negotiable  slope  (Smax  )  tests  were  performed 
on  the  military  designed,  20-ton-capacity,  rough  terrain  crane,  and  the  6000-pound- 
capacity  (6K)  and  10.000-pound-eapacity  (10K)  rough  terrain  forklift  trucks.  A  com¬ 
mercial,  50,000-pound-capaeity  (30K)  rough  terrain  forklift/eontainer  handler  was  also 
tested.  Kxtensivc  testing  with  the  I  OK  and  the  50K  vehicles  provided  sufficient  data 
for  the  extension  of  the  mobility  model. 

A  FORTRAN  computer  program  was  developed  for  the  proposed  prediction  tech¬ 
nique  which  calculates  performance  parameters  from  vehicle  description  and  soil  strength 
data. 
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BEACH  MOBILITY  TESTS  AND  ANALYSIS  OF 


LARGE,  CARGO  HANDLING  VEHICLES 

I.  INTRODUCTION 

1.  Background.  A  number  of  mobility  models  have  been  created  for  the  pur 
pose  of  predicting  the  performance  of  military  vehicles  in  off-road  environments.  In 
this  report,  the  primary  concern  is  the  specific  case  of  the  mobility  of  large  materials- 
handling  equipment  (Mil K)  items  on  sand.  The  cone  index  model,  conceived  and  de¬ 
veloped  at  the  U.  S.  Army  Corps  of  Engineers  Waterways  Experiment  Station  (\\  ES). 
Vicksburg,  Mississippi,  demonstrates  how  well  empirical  mathematical  relations  can  he 
used  to  predict  wheeled-vehicle  mobility  on  weak  soils.1  This  model  distinguishes  itself 
from  other  mobility  models  by  its  dependence  on  a  single  soil  strength  quantity  — the 
Cone  Index  (Cl).  The  tacit  assumption  is  made  that  all  factors  which  affect  soil  strength, 
such  as  moisture  content,  vegetation,  and  grain  si'/.e,  need  not  be  determined  if  the  Cl  is 
known.  Mathematically,  this  means  that  tin*  mobility-dependent  variahlc-usually  draw¬ 
bar  pull  (DBF)  or  maximum  negotiable  si  opr*  (Sinax)  — is  a  function  of  only  one  soil  pa¬ 
rameter.  One  asset  of  tin*  Cone  Index  Mobility  Model  (CIMM)  is  its  simplicity  and  the 
ease  with  which  Cl  data  can  be  obtained  and  then  used  in  tin*  formula.  The  excellent 
correlation  that  exists  between  mobility  variables  and  soil  strengths,  through  the  Cl 
quantity,  is  indeed  fortunate;  and  the  purpose  of  the  present  work  is  to  further  exploit 
this  correlation.  Statistical  analyses  performer)  during  the  original  model  derivation  in¬ 
dicate  that  the  basic  equation  is  highly  significant  at  the  .01  probability  level. 

There  are  some  anomalies  associated  with  the  CIMM  which  are  not  yet  fully 
understood.  One  is  the  difference  between  the  observed  mobilities  of  a  vehicle  in  natu¬ 
ral  and  in  prepared  (harrowed)  terrains  of  tin*  same  soil  strength  (Cl).  The  formulas 
which  embody  the  CIMM  were  derived  from  field  test  data;  and  the  inability  of  the 
model  to  compute  results  which  compare  accurately  with  laboratory  tests  or  prepared 
terrain  data  is  not  considered  a  serious  deficiency. 

However,  there  are  effects  which  an-  not  included  in  the  equations  that  quite 
readily  lend  themselves  to  quantification.  These  are  differences  in  front-rear  tire  infla¬ 
tion  pressures  and  front-rear  axle  loadings.  The  present  investigation  sheds  some  light 
on  both  of  these  effects. 


*U.  S.  Army  Engineer  Waterways  Experiment  Station,  "Traffirability  of  Soils,”  Tech.  Memo.  No.  3-240.  1 7th 
Supplement,  May  1973. 
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Na-aJ  Amphibiou! 


II.  INVESTIGATION 


2.  Test  Procedures  and  Data  Handling. 

a.  Soils  Measurements.  The  specific  details  of  the  techniques  used  to 
gather  the  required  data  are  outlined  in  the  Preliminary  Plan  of  Test-Reach  Mobility 
Tests  of  Off-Road  MIIR  Items.  The  plan  and  all  collected  data  arc  contained  in  Office 
Report  TOM  74.J  Therefore,  the  procedures  presented  and  the  data  used  herein  have 
Ihtii  summarized  for  brevity. 

The  lest  area  was  a  natural,  all-sand  hcach  typical  of  most  beaches  on 
the  eastern  seaboard.  A  drawbar  pull  lane  was  established  parallel  to  the  tide  line  hut 
approximately  100  feet  inland.  Existing  dunes  provided  the  foundation  for  the  slope 
test  area  where  sand  from  the  surrounding  area  was  piled  up  and  graded  to  form  the 
desired  slope's.  Diagrams  of  the  test  area  are  shown  in  Figs.  I  and  2.  Abbreviated  tabu¬ 
lations  of  the  natural  characteristics  of  the  test  area  arc  shown  in  Apncndix  A. 

5+95  7+49 


PREPARED  SLOPES 


NOTE:  ALL  SLOPES  ARE  75’ 
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Fig.  2.  Prepcred  slope  area. 


LONG  AND  30’  WIDE 


2USAMF.RDC  Office  Report  T9M  74. 


(1)  Test  Course  Preparation.  Since  any  sustained  operation  on  a  beach 
causes  surface  disturbance,  the  courses  were  processed  and  maintained  by  back- 
dragging  with  a  dozer  blade  or  a  bundle  of  timber  to  remove  ruts  and  other  surface 
irregularities.  The  operation  was  performed  before  each  test  operation  on  both 
the  drawbar  lane  and  the  prepared  slopes. 

(2)  Grade  and  Alignment.  The  centerline  of  the  courses  was  established 
and  maintained  with  off-set  stakes.  Longitudinal  and  transverse  grades  were  mea¬ 
sured  with  an  engineer’s  Level  and  a  Philadelphia  Leveling  Rod. 

(3)  Sand  Data.  The  several  tests  and  items  of  test  apparatus  are  de¬ 
scribed  in  the  following  sub-paragraphs. 

(a)  Cone  Index.  An  index  of  sin  .iring  resistance  of  soil  was  mea¬ 
sured  with  the  cone  penetrometer.  The  value  represents  the  resistance  of  the 
soil  to  penetration  of  a  30-degrec  cone  of  0.5-in.2  base,  or  projected  area.  The 
number,  although  considered  dimensionless,  actually  denotes  pounds  of  force 
on  the  handle  divided  by  the  area  of  the  cone  base  in  square  inches.  The 
standard  cone  penetrometer  permits  Cl  readings  to  be  taken  up  to  300.  How¬ 
ever,  to  obtain  measurements  in  firm  sand  exceeding  a  300  Cl,  a  30-degree 
cone  with  a  0.2-in.2  base  area  and  a  3/8-in.  diameter  shaft  was  used.  The  0.2- 
in.2  cone  permitted  taking  Cl  readings  up  to  750  (dial  readings  are  multiplied 
by  a  factor  of  2.5).  Cl  measurements  were  made  at  intervals  along  the  test 
course  starting  at  the  surface  and  continuing  to  a  depth  of  18  inches  (at  3-inch 
depth  intervals)  or  until  the  cone  reading  exceeded  300.  The  penetrations 
were  spaced  across  the  test  course  at  each  sample  station.  Three  to  ten  read¬ 
ings  were  made  to  establish  an  arithmetic  mean  value  at  each  location.  Te  ting 
was  repeated  at  time  intervals  considered  appropriate  to  detect  any  change 
that  might  occur  in  the  shearing  resistance  and  friction  capacity  of  the  various 
layers. 


(It)  Moisture.  Moisture  is  defined  as  the  water  content  of  a  soil 
mass  and  is  the  ratio  of  the  weight  of  water  to  the  weight  of  dry  soil  (usually 
expressed  as  percentage).  A  testing  pattern  was  established  to  provide  the 
moisture  content  of  the  surface  and  at  depths  of  I  to  3  inches  and  6  to  9 
inches.  Samples  were  taken  at  appropriate  time  intervals  to  detect  major 
changes  in  the  moisture  condition.  Frequent  sampling  for  moisture  content 
was  not  required  since  the  tests  were  performed  during  the  dry  season,  and 
there  was  no  radical  change  in  moisture  except  during  a  short  period  of  incle¬ 
ment  weather  which  affected  the  surface  for  only  a  short  time. 
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Sand  condition  nomenclature  as  established  by  WES  was  used 
to  classify  the  material  as  follows: 

Dry  .Sand:  Light-colored,  loose,  and  free  flowing  when  poured 
from  the  hand.  Dry  sand  usuall)  occurred  on  the  surface  of  all  areas  of  the 
beach  except  on  the  wetted  foreshore,  but  it  never  extended  deeper  than 
about  5  inches  before  becoming  moist.  Sand  classed  as  dry  on  the  basis  of 
observation  usually  contained  less  than  1.5%  moisture  by  weight. 

Moist  Sand:  Usually  lies  directly  beneath  the  dry -sand  layer. 

It  was  usually  darker  in  color,  showed  slight  cohesion,  and  was  cool  to  the 
touch.  In  general,  moist,  coarse  sand  was  found  to  contain  about  1.5  to  5.0% 
moisture,  and  moist  fine  sand,  about  10  to  12%  moisture.  The  conditions 
shown  were  used  to  classify  the  test  courses. 

(c)  Density.  The  dry  density  is  defincr  as  the  weight  of  soil  per 
unit  volume  normally  expressed  in  pounds  per  cubic  foot.  A  2.9-in. -diameter, 
thin-walled  steel  cylinder  was  used  to  obtain  all  density  samples.  Since  there 
is  no  reliable  correlation  between  density  and  Cl,  the  sampling  was  limited. 
Samples  were  taken  at  6  to  9  inches  below  the  surface. 

(d)  Grain  Size  Analysis.  Grain  size  distribution  tests  wen*  con¬ 
ducted  on  samples  obtained  along  the  centerline  of  the  drawbar  test  lane  at 
50-ft  intervals  and  at  depths  of  1  to  3  inches  and  6  to  9  inches  below  the  sur¬ 
face.  The  tests  were  conducted  by  shaking  the  sample  through  a  stack  of  wire 
screens  with  openings  of  known  size.  The  definition  of  particle  diameter  is, 
therefore,  the  side  dimension  of  a  square  hole.  The  National  Bureau  of 
Standards  screen  sizes  used  to  classify  sand  arc  No.  4  with  0.187  in.  openings; 
No.  10  with  0.0787  in.  openings;  No.  40  with  0.0165  in.  openings,  and  No. 
200  with  0.0029  in.  openings. 

b.  Drawbar  Pull  Tests. 

(1)  Purpose.  The  comprehensive  plan  followed  during  the  Beach  Mobil¬ 
ity  Test  of  Off-Road  MIIK  Items  is  shown  in  Office  Report  T9M-74.  Analytical 
evaluation  of  the  test  results  waste  provide  the  following: 

(a)  Quantitative  evaluation  of  the  mobility  characteristics  of  the 
current  military  off-road  materials  handling  equipment  which  will  then  serve 
as  the  [M-rformancc  criteria  and  minimum  design  objective  for  future  equip¬ 
ment  items. 


(b)  Validation  and/or  revision  of  the  current  mobility  prediction 
formula  to  cover  the  larger  and  heavier  MHE  items  required  by  the  U.  S. 
Army. 


(c)  Establishment  of  specific  design  relationships  which  will  be 
used  in  future  development  of  MHE.  The  establishment  of  specific  perfor¬ 
mance  design  relationships  will  assure  the  attainment  of  the  required  mobil¬ 
ity  while  avoiding  the  penalties  intrinsic  in  overdesign. 

(2)  Objective.  This  report  is  primarily  concerned  with  the  objective 
described  in  paragraph  (b),  above.  The  test  procedures  are  summarized  and  the 
test  results  are  arranged  in  accordance  with  the  Data  Analysis  (Section  11-3). 

The  following  operating  procedures,  techniques,  and  instrumenta¬ 
tion  were  employed  during  the  tests  at  Little  Creek,  Virginia. 

(a)  Procedures  and  Techniques.  The  drawbar  pull  ability  was 
based  on  the  pull  exerted  at  the  drawbar  with  the  vehicle  in  the  lowest  for¬ 
ward  gear  and  the  all-wheel-drive  mode,  while  traveling  over  the  test  course 
under  full  throttle.  The  load-measuring  instrument  (load  Cell  SR-4)  was 
connected  in  scries  with  a  cable  attached  to  the  drawbar  of  the  test  unit  and 
a  retarding  vehicle.  The  cable  was  as  near  parallel  to  the  test  course  surface 
as  vehicular  configuration  would  allow.  The  test  vehicle  was  allowed  to  ob¬ 
tain  maximum  ground  speed  at  maximum  engine  speed  prior  to  the  applica¬ 
tion  of  various  retarding  forces.  Once  a  stabilized  ground  speed  was  reached, 
various  incremental  retarding  forces  were  applied  to  the  drawbar  of  the  test 
vehicle  for  short  durations  throughout  the  test  course.  The  instrumentation 
used  was  capable  of  simultaneously  recording  the  ground  speed,  drawbar  force, 
engine  speed,  pulling  wheel  speed,  and  duration  of  test.  Data  obtained  was 
used  to  plot  curves  of  drawbar  force  versus  test  vehicle  wheel  slip  in  percent. 

This  drawbar  pull  procedure  was  used  throughout  the  evaluation 
of  the  20-ton  rough  terrain  crane  (RTC)  and  the  10K  rough  terrain  forklift 
truck  (RTFLT)  during  the  standard  tire  phase  of  the  test.  Difficulty  was 
encountered  in  maintaining  a  travel  efficiency  of  90%  or  greater  when  the 
test  vehicles  were  operating  at  full  throttle  with  no  retarding  force  applied  to 
the  drawbar.  Excessive  wheel  slip  resulted  primarily  from  excessive  power 
being  delivered  to  the  drive  wheels,  and  test  course  soil  conditions  were  con¬ 
sidered  marginal  in  terms  of  go  --  no  go. 

As  a  result  of  discussions  between  Mr.  Ld  Rush,  WES  repre¬ 
sentative,  and  MERDC  test  personnel,  the  drawbar  technique  as  previously 
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described  was  modified.  Modification  to  the  drawbar  technique  was  done 
primarily  to  satisfy  the  needs  of  the  drawbar  pull  versus  vehicle  wheel  slip 
curves. 

The  change  in  draw  bar  pull  technique  was  initiated  on  I  Octo¬ 
ber  1973  at  the  outset  of  the  radial  ply  tire  phase  of  the  10K  HTFI.T  test 
and  continued  for  the  duration  of  the  tests. 

The  major  change  in  drawbar  technique  consisted  in  allowing 
the  test  vehicle  and  the  retarding  vehicle  to  obtain  a  stabilized  s|x*ed  of  I  to  2 
inph  corresponding  to  approximately  half  maximum  engine  speed.  Incremental 
drawbar  loading  was  applied  by  the  retarding  vehicle,  and  each  load  increment 
was  held  until  the  combined  speed  of  both  units  reached  a  stahlized  ground 
speed  at  which  time  the  desired  phenomena  were  recorded.  To  obtain  higher 
slip  points,  the  test  vehicle  operator  attempted  to  maintain  a  constant  ground 
speed  regardless  of  the  drawbar  load.  The  test  vehicle  throttle  position  was 
varied  from  half  throttle  initially  to  full  throttle  at  the  conclusion  of  the  test 
run.  There  were  no  significant  changes  in  the  instrumentation. 

(b)  Instrumentation  and  Measurements.  The  instrumentation 
consisted  of  a  Honeywell  Model  1858-T79  graphic  recorder  with  compatible 
signal  conditioning  units  to  handle  strain  gage  and  pulse-type  signals  and  with 
the  ability  to  handle  18  separate  pieces  of  data.  The  test  data  were  recorded 
simultaneously  on  8-inch-wide,  photo-sensitive  direct  printpaper.  The  follow¬ 
ing  phenomena  were  measured  and  recorded  during  the  test  using  the  afore¬ 
mentioned  instrumentation: 

1^  Travel  Distanc-*:  The  test  unit  was  equipped  with  a  fifth 
wheel  of  known  circumference  (6.98  ft)  and  divided  into  fourths  with 
each  fourth  being  represented  by  an  event  mark  on  the  data  record. 

2  Engine  Speed  ^pm):  A  10:1  reduction  coupling  was  in¬ 
stalled  at  the  tachometer  output  of  the  test  vehicle  engine  with  each 
event  mark  on  the  data  record  representing  one-tenth  of  the  engine  speed 
occurring  during  the  test  interval. 

3  Vehicle  Wheel  Revolutions:  During  the  first  phase  of 
testing,  lugs  were  welded  to  a  wheel  on  the  test  vehicle.  A  switch  was 
mounted  on  the  test  vehicle  in  such  a  manner  that  rotation  of  the  vehi¬ 
cle  wheel  tripped  the  switch  and  the  event  was  recorded  on  the  data 
record.  During  the  later  phases,  a  lug  was  placed  on  the  drive  shaft  of 
the  test  vehicle  and  calibrated  in  vehicle  distance  traveled  per  shaft 


revolution.  As  in  the  previous  method,  the  lug  tripped  a  switeh  and  the 
event  was  recorded  on  the  data  record.  The  advantage  of  placing  the  lug 
on  the  vehicle  drive  shaft  was  an  improved  accuracy  resulting  from  the 
higher  number  of  event  marks  recorded  per  distance  of  test  vehicle  travel. 

4  Drawbar  Force:  The  applied  drawbar  retarding  forces 
were  measured  using  an  SR-4  Strain  (Jage  Load  Cell  and  were  recorded 
simultaneously  with  other  events. 

5  Resistance  to  Towing:  The  force  required  to  tow  the 
various  test  vehicles  and  ^ie  speed  of  towing  wen*  recorded  using  the 
aforementioned  fifth  wheel  and  load  cell. 

6  juration  of  Test:  Recorded  simultaneously  with  occur¬ 
ring  phenomena  is  a  1 -second  time  line  with  every  tenth  line  accentuated. 
From  the  aforementioned  recorded  data,  the  information  required  for 
the  development  of  a  Drawbar  Pull  Versus  Percent  Wheel  Slip  Curve  can 
be  developed.  The  calculations  are  shown  in  Appendix  A-3. 

c.  Dune  Slope  Tests.  Ten  dunes,  each  with  a  different  slope,  were  con¬ 
structed  to  accommodate  the  maximum  negotiable  slo|M‘  tests.  The  dunes  were  built 
with  a  D-7  bulldozer  and  were  allowed  to  settle  for  2  weeks  before  tests  were  begun. 
Slope  values  ranged  from  4  to  22%.  Figures  3  and  4  illustrate  the  layout  of  the  dunes 
and  Figs.  1  and  2  show  plan  views  of  the  test  site.  The  soil  strength  of  the  dunes  was 
generally  less  than  the  DBP  test  lane  when  tests  were  begun,  but  near  the  end  of  testing 
the  dunes  had  become  somewhat  stronger  than  the  test  lane. 

The  test  procedure  generally  was  to  run  the  vehicle  on  progressively 
steeper  slopes  until  it  became  immobilized.  Stalls  which  occurred  on  the  curved  portion 
near  the  top  or  bottom  of  the  slope  were  not  considered  as  valid  runs.  The  length  of  the 
dunes  was  approximately  90  feet,  and  valid  stall  positions  were  those  which  occurred 
between  20  and  70  feet  from  the  bottom. 

Before  slope  tests  began,  it  was  realized  that  a  vehicle  could  negotiate 
the  lower  portion  of  a  dune  yet  would  stall  on  the  same  slope  at  a  higher  position.  This 
would  occur  because  the  dunes  invariably  had  a  positive  strength  gradient  from  bottom 
to  top.  This  gradient  existed  mainly  because  the  base  of  the  dune  was  below  the  level 
of  the  original  beach  surface  and  consequently  had  a  higher  moisture  content  than  the 
top.  Also,  there  was  more  bulldozer  traffic  on  the  lower  portion  of  the  dune  which  aid- 
,  d  settlement  with  its  vibrations.  In  one  respect,  this  gradient  was  a  blessing  in  disguise 
since  multiple  data  points  could  be  obtained  for  the  same  test  case.  Frequently,  stall 
points  were  acquired  on  two  adjacent  dunes  with  the  vehicle  climbing  higher  on  the 
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incline  with  the  smallest  slope.  In  a  few  eases,  it  was  possible  to  obtain  three  data 
points  since  adjacent  dunes  varied  only  about  2 %  in  slop*'. 

Initial!} ,  the  vehicle  was  stopped  on  level  at  the  base  of  the  incline. 
Ascent  was  made  at  full  throttle  with  all  four  wheels  driving  when  possible.  Power  was 
reduced  soon  after  slip  was  observed  to  prevent  further  disturbance  of  the  sand.  Com¬ 
plete  immobdity  did  occur  immediately  after  the  top  layer  of  sand  wa.-  sheared  by  the 
tire.  There  was  never  any  gradual  approach  to  stall  -  the  vehicles  literally  “fell  into” 
the  dune  with  a  catastrophic  onset  of  immobility.  In  some  cases,  the  vehicle  was  backed 
down  the  slope  after  stall  and  then  started  again  to  verify  the  “go”  area.  This  maneuver 
would  also  indicate  it  the  vehicle  inertia  actually  carried  it  beyond  its  true  stall  position. 
Another  method  employed  to  determine  inertia  effects  was  to  make  a  low -speed  run 
very  close  to  the  tracks  of  the  full-throttle  run  and  compare  the  stall  positions.  In  no 
case  did  the  vehicle  fail  to  start  when  stopped  in  a  “go"  area.  However,  the  low-speed 
runs  invariably  stalled  from  5  to  10  feet  down  slope  of  the  corresponding  full-throttle 
run.  It  is  estimated  that  the  change  in  the  0-  to  9-inch  average  of  the  Cl  would  vary 
only  about  5  points  (PSI)  over  a  10-foot  span.  Consequently,  these  differences  were  not 
accounted  for  in  the  data  analysis. 

Figure  5  is  a  typical  picture  of  a  vehicle  at  its  stall  position  on  an  incline. 
To  facilitate  the  gathering  of  data,  Hie  truck  was  backed  away  in  its  ascent  tracks.  Cone 
penetrometer  readings  were  made  to  the  left  and  right  of  the  tracks  as  well  as  in  the 
center  of  the  stall  area.  Five  strength  profiles  were  taken  in  each  of  these  three  regions 
and  the  arithmetic  mean  was  used  as  the  strength  parameter  in  the  analysis.  In  the  50K 
RTFLT  analysis  0-  to  9-inch  and  0-  to  12-inch  averages  were  used,  while  0-  to  6-inch  and 
0-  to  9-inch  values  were  considered  in  the  10  K  RTFLT  tests.  A  suggested  alternate  ap¬ 
proach  to  specifying  strength  values  is  developed  in  Section  IV-6  but  is  not  used  in  the 
present  analysis. 

The  other  important  variables  that  were  measured  after  each  test  run 
were  the  longitudinal  and  side  slopes  of  the  dune.  Five  to  ten  readings  were  taken  with 
a  hand  inclinometer.  The  mean  of  these  values  was  averaged  with  the  slope  which  was 
computed  from  elevation  profile  data  obtained  with  the  Engineer’s  Level.  Axle  position 
elevations  were  computed  by  linearly  interpolating  between  the  two  adjacent  elevation 
readings.  The  largest  observed  discrepancy  between  slopes  determined  from  inclinome¬ 
ter  and  elevation  measurements  was  only  0.4%  slope.  A  slight  error  was  introduced  when 
distance  measurements  along  the  dune  surface  were  tacitly  assumed  to  be  equal  to  the 
horizontal  values.  This  results  in  only  a  0.5%  difference  in  slope  on  the  steepest  dune. 

At  the  conclusion  of  a  test  run,  the  dune  was  repaired  with  the  bulldozer. 
After  the  dunes  were  smoothed,  the  bulldozer  was  run  back  and  forth  in  an  attempt  to 
settle  the  soil  in  the  ruts. 
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3.  Data  Analysis. 
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a.  Performance/Soil  Strength  Relationship.  Sufficient  data  was  taken  on 
the  50K  and  I  OK  RTFLT  to  provide  a  basis  for  the  analytical  development  of  a  recoin- 
HK'iided  mobility  model.  The  Master  Data  sheets  in  Appendix  A  show  all  the  lest  cases. 
However,  the  analyses  presented  herein  concern  only  a  modification  to  the  well  estab¬ 
lished  CIMM.  Car*-  was  taken  to  retain  the  basic  character  of  the  CIMM  formulas.  It 
should  he  understood  that  these  modifications  are  suggestive  in  nature  and  should  not  he 
interpreted  as  the  ultimate.  The  empirical  equations  of  the  original  CIMM  were  derived 
from  literally  thousands  of  data  points  whereas  the  present  analysis  is  based  on  approxi¬ 
mately  100  data  points.  Consequently,  the  proposed  extension  of  the  CIMM  to  large 
material  handling  vehicles  should  he  refined  or  revanqied  as  additional  data  becomes 
available.  Greater  quantities  of  data,  even  with  the  same  scatter  range,  would  increase 
the  confidence  level  as  calculated  by  statistical  methods.  All  the  analyses  contained  in 
this  report  are  empirical  in  nature  and  have  no  theoretical  basis. 


The  original  CIMM  prediction  equation  is  as  follows: 


DBP  or  S 


max 


28.87  log10  CI+  1 0.1  CAF-  1.52  NPW  -  0.61  TP  -  43.82  or  43.82  (I) 


The  modified  CIMM  (of  Section  ll-3o),  including  terms  which  compensate  for  the  effects 
of  unequal  axle  loads,  differences  in  front  and  rear  tire  inflation  pressures,  and  the  type 
of  tire  construction  being  used,  is  as  follows: 


DBP  or  S 


max 


28.87  log10  Cl  +  10. 1  CAF  -  1.52  NPW  -  0.205  TP 


+  2.I7(TPk-TP|{)  +  I.I6(ALK-Ah,{)  R 


TP 


GVW 


FI. 


(2) 


The  modifications  to  the  CIMM  directly  reflect  the  performance  measured  during  the 
testing  at  Little  Creek,  Virginia,  under  conditions  with  the  closest  possible  similarity  to 
the  natural  environment.  Certain  indices  of  performance  have  historically  been  used  to 
describe  the  off-road  capabilities  of  vehicles.  The  most  accepted  indices  are  drawbar 
pull  and  maximum  slope  which  are  related.  However,  before  DBP  and  S|nax  can  be  cor¬ 
related,  compared,  and  used  to  establish  trends,  they  must  first  he  adjusted  to  a  common 
soil  strength  condition.  It  would  not  be  meaningful  to  compare  the  DBP  and  slope  per¬ 
formance  of  a  vehicle  at  different  soil  strengths.  Since  the  desired  relationship  should 
preserve  the  logarithmic  character  of  the  CIMM  formula,  we  assume  that 

S„,ax  =K|ogio  Cl+C  (3) 

where  C  represents  the  remaining  terms  of  the  CIMM  formula,  all  of  which  are  being 
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held  constant  tor  the  present  Kquation  (3)  may  he  used  as  an  adjustment  formula  by 
casting  it  as  a  difference  relationship: 


A  S 


max 


=  K  log10 


Cl, 

ci2  • 


(4) 


,lm'  ASmax  r<’Pr<  ■sen Is  the  correction  to  Ik*  upplvd  to  |)erformanee  data  (drawbar  pull 
or  slope)  at  soil  strength  condition  CI2  so  that  it  may  be  compared  directly  with  data  at 
condition  Cl, .  There  only  remains  to  calculate  the  value  of  K.  This  was  accomplished 
by  solving  Kquation  (4)  lor  K  while  using  the  test  data  for  values  of  Cl  and  ASmax . 

The  average  value  of  K  obtained  from  the  !>0k  and  I  Ok  RTFLT  was  8.04.  It  should  be 
noted  that  this  constant  corresponds  to  the  28.87  coefficient  in  the  original  CIMM. 

Also,  the  greater  the  range  in  CF,  the  more  accurate  will  be  the  calculation  of  k.  The 
0-  to  9-inch  average  of  (IF  ranged  from  1 10  to  180  over  which  the  foregoing  analysis  was 
performed. 


It  should  be  pointed  out  that  the  calculated  K  of  8.04  was  used  only  in 
the  adjustment  formula  equation  (4)  and  not  in  the  modified  prediction  equation  (IS). 
The  CFMM  coefficient  when  used  in  the  adjustment  formula  gave  unrealistically  high 
adjustments.  However  the  CFMM  value  which  affects  the  curvature  of  the  S|nax  versus 
CF  curve  gives  Fx'lter  accuracy  in  tlie  prediction  formula  -  particularly,  at  low  soil 
strengths.  Consequently,  the  modified  prediction  formula  developed  in  this  report  pre¬ 
serves  completely  the  effect  of  soil  strength  on  performance. 

Kquation  (4)  was  utilized  to  adjust  the  slope  data  to  the  soil  strength 
condition  of  tlie  DBP  test  lane.  However,  Irefore  a  comparison  could  be  made,  it  was 
also  necessary  to  correct  the  DHP  values  for  side-slope  effects.  This  was  accomplished 
by  using  the  WES  formula: 


dhp-Vdbp  2  +  SIN?e 

COS  0  (5) 

where  the  prime  represents  values  measured  on  the  side  slope.  The  DHP  values  may  now 
Ik:  correlated  directly  with  the  maximum  negotiable  slope  data.  Theoretically,  DHP  as 
a  percentage  of  the  gross  vehicle  weight  should  be  equal  to  the  maximum  negotiable 
slope.  Appendix  B  treats  this  is  some  detail. 

Figures  6  and  7  are  graphs  of  the  two  performance  variables  shown 
plotted  against  each  other  for  the  50K  and  10K  RTFLT  tests.  Perfect  agreement  of  the 
data  is  represented  by  a  line  passing  through  the  origin  and  having  a  slope  of  unity. 
Better  correlation  can  be  seen  to  exist  for  the  50K  RTFLT  than  for  the  I  OK  RTFLT. 
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<S  No  Adjustment  for  Cl  Variations 
X  Adjustment  made  for  Cl  Va  rlations 

NOTE:  0-9"  Cl  for  DBP  assumed  to  be  114 

No  2%  difference  In  DBP  &  S  max  was  assumed 
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Fig.  6.  Drawbar  pull-maximum  slope  correlation  for  the  50K  RTFLT. 


This  can  he  attributed,  at  least  in  part,  to  the  sequence  of  testing.  The  I  OK  KTFI.T 
was  tested  first,  and  it  is  fell  that  test  procedures,  partieularly  drawbar  pulls,  were  more 
refined  during  the  50k  RTFI/T  tests. 

Statistical  calculations  were  performed  to  indicate  quantitative  confi¬ 
dence  levels  of  the  data.  The  correlation  coefficient  for  the  50k  RTFI/T  was  computed 
to  he  0.92  for  Cl  values  averaged  over  the  0-  to  9-inch  depth  range.  The  ()•  to  12-inch 
range  coefficient  was  0.85  which  suggests  that  soil  strengths  helow  the  9-inch  level  need 
not  he  considered.  Correlation  coefficients  for  the  I  OK  RTFI/T  were  determined  to  he 
0.60  and  0.62  for  the  0-  to  6-inch  and  0-  to  9-inch  ranges  respectively.  This  scatter  is 
due  in  part  to  the  lack  of  homogeneity  of  the  hcach  strength  which  is  discussed  further 
in  Section  IV. 

b.  Tire  Inflation  Effects.  The  next  relationship  of  interest  is  the  variation 
of  performance  with  changes  in  average  tire  pressure.  Figure  R  is  a  plot  of  an  average 
performance  quantity  versus  average  tire  inflation.  This  performance  parameter  is  a 
weighted  average  of  maximum  negotiable  slope  and  drawbar  pull.  Slope  performance 
was  weighted  twice  that  of  the  Dill*  for  three  basic  reasons.  First,  the  soil  strengths  on 
the  dune  slopes  were  monitored  much  more  closely  than  in  the  test  lane.  It  was  not 
possible  to  locale  the  position  of  maximum  DRPon  the  test  lane  as  accurately  as  the 
stall  position  on  the  slope.  Consequently,  the  Cl  data  on  the  slope  should  he  more 
representative  of  o|M'raling  conditions  than  the  test  lane  soil  strength  data.  Second, 
the  dune  slope  data  may  be  more  reliable  than  Dill'  measurements  because  dune  perfor¬ 
mance  could  be  reproduced  with  a  greater  degree  of  accuracy.  Third,  a  slope  test  is 
simpler  in  nature  and  dims  not  require  sophisticated  support  equipment  nor  instrumen¬ 
tation  devices  which  can  introduce  additional  errors. 

A  linear  relationship  was  assumed  to  exist  between  performance  and 
average  tire  inflation  as  in  the  CIMM.  The  slo|>e  of  this  relation  was  obtained  by  a  least 
squares  analysis  and  a  group  averaging  technique.  Results  were  nearly  identical.  How¬ 
ever,  there  was  a  difference  in  the  slo|*es  of  the  curves  for  the  I  OK  and  50K  RTF’I.T. 

The  values  for  the  I  OK  and  50k  RTFI/T  are  minus  0.17  and  minus  0.25  respectively 
as  compared  to  minus  0.6  in  the  CIMM. 

A  series  of  tests  was  performed  for  the  purpose  of  investigating  the 
effects  of  differences  in  front  and  rear  tire  inflation  pressures.  A  set  of  data  was 
gathered  for  both  the  10K  and  50K  RTFI/T.  Front  and  rear  inflations  were  varied 
through  a  range  with  each  axle  taking  on  three  discreet  values.  For  these  tests,  a  pay- 
load  was  selected  for  each  truck  such  that  both  front  and  rear  axles  were  carrying  the 
same  load. 
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t.  Performance  variation  with  average  tire  inflation  for  the  50K  RTFLT. 


It  was  necessary  to  make  a  basic  mathematical  assumption  regardin';  the 
relationship  between  performance  and  inflation  difference  in  order  to  arrive  at  an  appro¬ 
priate  adjustment  term  for  inflation  difference  effects.  The  simplest  imaginable  relation 
would  be  that  the  change  in  performance  is  proportional  to  the  inflation  difference: 

A  Dltl'  a  ATI’, 

or  A I  HIP  -  K, ,)  ATI*.  (6) 

Since  the  drawbar  pull  is  nondimensional,  it  is  convenient  to  normalize  inflation  pres¬ 
sure  with  the  average  inflation  which  gives 

Alml’  =  Kn>  <-> 

1  il\r 

Solving  equation  (7)  for  k||)  results  in 

Ajmpen;.,, 

Il)  ATP  (8) 

where  K|p  is  nondimensional,  and  all  the  quantities  on  the  right-hand  side  are  obtained 
from  test  results.  For  the  10K  RTFLT,  the  inflation  test  cases  used  in  calculating  Kll) 
were  30F  -  40R,  40F  -  30R,  30F  -  50R,  50F  -  30R,  40F  -  50R ,  and  oOF  -  40R.  Each 
axle  carried  the  same  load.  A  trend  was  easily  established  and  belter  performance  was 
always  noted  when  the  low-inflation  tire  followed  the  high-inflation  tire.  This  is  not 
surprising  since  the  first  tire  through  the  sand  “encounters”  a  higher  strength  than  does 
the  following  tire  (soil  measurements  taken  immediately  after  passage  of  a  test  truck 
were  significantly  lower  than  those  taken  before  its  traversal  of  the  lane).  For  cases 
where  the  soft  tire  led,  there  was  little  tractive  effort  produced  by  the  rear  tires.  When 
the  soft  tire  folk  wed,  it  was  better  able  to  negotiate  the  softer  sand  and,  therefore,  tv>n- 
tributed  to  the  machine’s  mobility.  Cl  measurements  were  also  taken  in  the  tire  ruts 
on  the  dune  slopes.  The  strength  was  considerably  less  there  than  between  the  ruts.  In 
some  cases,  readings  were  only  about  half  those  in  the  undisturbed  region. 

Table  1  shows  a  tabulation  of  K||)  values  computed  for  the  10k  RTFLT. 

Table  1.  10K  RTFLT,  Standard  Tire,  Equal  Axle  Load 


Case 

Kll) 

30 F  -  40R,  40 F  -  30R 

2.8 

30 F  -  50R,  50F  -  30R 

2.7 

40F  -  50R,  50 F  -  40R 

2.0 

Much  to  t lit'  pii/./.lcmt  lit  of  (lie  authors,  this  trend  could  not  lie  seen  as 
clearly  lor  the  50 K  RTFLT.  Values  for  were  errat:  ■  as  seen  in  Table  2: 


Table  2.  50k  RTFLT,  Standard  Tire, 

Equal  \xlc  Load 

Case 

Kl  1) 

50 F  -  02 R,  62  F-  50R 

4.3 

35  F  -  50  R,  50  F  -  35  R 

0.3 

35  F  -  62  R,  62  F  -  35  R 

-  0.4 

So,  two  of  the  three  50k  ItTUT  test  cases  indicate  that  front-rear  inflation  differenees 
have  an  insiguigicanl  effect  on  mobility.  It  was  fell  (bat  the  trend  established  by  the 
10k  RTFLT  data  and  supported  by  one  of  the  50k  RTFLT  cases  should  not  be  dis¬ 
carded.  The  effect  was  taken  into  consideration  in  the  proposed  modifications  discussed 
in  Section  ll-3e. 

e.  Axle  Loading  Effects.  There  were  two  cases  in  the  I  Ok  RTFLT  tests 
and  one  ease  in  the  50k  RTFLT  tests  which  shed  light  on  the  effeets  of  unequal  axle 
loading  on  performance.  For  each  of  the  inflation  cases,  runs  were  made  with  equal-axle 
loading,  with  no-load,  and  with  full-rated  load.  The  CIMM  equation  predicts  a  slight 
improvement  in  [icrformance  with  increasing  gross  weight.  Discussions  with  WES  person¬ 
nel  have  revealed  that  some  doubt  exists  as  to  the  validity  of  this  predicted  effect.  This 
doubt  was  used  as  partial  justification  for  an  assumption  necessary  to  permit  an  analy  sis 
of  the  effects  of  unequal-axle  loading.  No  determination  of  unequal-axle  loading  effects 
could  be  made  without  making  some  assumption  about  the  effects  of  gross  loading.  It 
was  assumed  that  the  observed  performance  variation  with  loading  was  due  to  unequ.d- 
axle  loading  and  not  to  changes  in  gross  weight.  Also,  no  determination  of  the  effects 
of  changes  in  gross  weight  can  be  made  without  knowledge  of  the  effects  of  unequal- 
axle  loading.  No  tests  were  performed  where  gross  vehicle  weight  was  varied  while  the 
distribution  was  held  constant.  Consequently,  the  C.IMM-predicted  gross  load  effect 
could  not  be  verified  or  refuted,  and  it  was  assumed  to  be  inconsequential  for  purposes 
of  deriving  a  relation  for  unequal-axle  loading  effects. 

Also,  no  tests  were  performed  where  CVW  was  held  constant  while  the 
distribution  was  varied.  Measured  performance  variations  may  have  been  due  to  changes 
in  both  variables,  but  for  lack  of  a  creditable  relation  for  (JVW  effeets,  it  was  assumed 
that  unequal-axle  loading  was  the  predominant  loading  parameter.  It  should  be  under¬ 
stood  that  the  term  in  the  original  CIMM  equation  which  contains  gross  vehicle  weight, 
specifically  the  contact  area  factor,  was  not  modified.  So  (JVW  effeets  an-  still  in  the 
modified  mobility  prediction  equation  presented  in  Section  II-3e,  but  were  neglected 
in  the  derivation  of  the  unequal-axle  loading  relation  (Equation  (9)). 
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A  second  assumption  was  made  to  facilitate  development  of  an  analyti¬ 
cal  expression  to  describe  quantitatively  the  effects  of  unequal-axle  loading.  It  was 
assumed  that  the  change  in  performance  varied  directly  as  the  difference  in  axle  loads. 
Algebraically, 


ADMI’oc  (AL,.  -  \11{), 


or 


AI)HI»=Ka|  (\lf-alI{). 


(9) 


To  insure  nondimcnsionality  throughout  the  equation,  the  axle  loading 
difference  is  divided  by  the  gross  vehicle  weight.  Solving  for  K  results  in 


At. 


ADHP  (ALp-  AL|{ ) 


(;wv 


(10) 


This  constant  was  computed  using  the  50F  -  45R  and  35F  -  30R  cases  for  the  I  OK 
RTFLT  and  the  35F  -  35R  case  for  the  50K  RTFLT.  The  average  value  for  K  Aj  for 
these  cases  is  1 .  1 6. 

The  last  proposed  adjustment  to  the  C1MM  involves  the  constant  term  on 
the  right-hand  side  which  serves  to  shift  the  S  versus  Cl  curve  in  the  Y -direction. 
Terms  of  this  type  can  be  viewed  as  “floating”  constants  in  the  sense  that  they  raise  or 
lower  the  entire  curve  a  predetermined  amount.  However,  in  the  present  analysis,  it  was 
convenient  to  allow  this  quantity  to  vary  with  vehicle  size  so  a  good  curve  fit  would 
exist  for  all  of  the  vehicles. 

This  floating  term  was  derived  after  all  other  adjustments  were  com¬ 
pleted.  The  procedure  used  was  to  first  perform  calculations  corresponding  to  the  pre¬ 
sent  data  cases  utilizing  the  new  adjustments  while  keeping  the  CIMM  floating  constant 
intact.  Then,  the  differences  between  calculated  predictions  and  data  values  were 
averaged  for  the  I  OK  RTFLT  and  50K  RTFLT  separately.  Since  values  for  these  two 
different  size  vehicles  were  different,  a  quantity  was  derived  which  varied  linearly  with 
vehicle  weight  between  the  adjustment  values  for  the  10K  RTFLT  and  50K  RTFLT. 

The  algebraic  relation  is 

Kn  =  15.5  +  0.08^^  (11) 

1000 

Tliis  quantity  is  used  to  replace  the  43.82  or  45.82  constant  in  the  CIMM  equation 
(Eq  (13)). 
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d.  Radial  Tire  Effects.  Radial  tires  improved  the  mobility  for  both  the 
10K  and  50K  RTFI.T.  Only  a  slight  increase  in  performance  was  observed  for  the  10K 
RTFLT,  whereas  the  50K  RTFI.T  showed  substantial  improvement.  However,  there 
were  only  two  test  cases  for  each  truck  where  standard  and  radial  lire  performances 
could  be  compared. 

For  the  I0K  RTFLT,  the  usable  data  cases  were  50F  -  45R  empty  and 
with  rated  load,  before  the  50k  RTFLT  analysis  could  be  performed,  it  was  necessary 
to  make  some  adjustments  for  differences  in  axle  loading  since  standard  and  radial  cases 
did  not  correspond  exactly  in  this  respect.  From  the  62F  -  35R  (empty  and  loaded) 
radial  oases,  the  performance  value  for  62F  -  35R  equal-axle  loading  was  estimated  and 
compared  with  the  corresponding  standard  lire  ease.  Also,  from  tlx;  50F  -  50R  loaded 
radial  data,  the  50F  -  50R  equal-axle  radial  case  was  approximated  and  compared  with 
standard  tire  results. 

The  average  performance  improvement  for  the  I  OK  RTFLT  was  1.2% 
of  slope  while  the  50K  RTFLT  value  was  a  highly  significant  10.0%.  A  correction  fac¬ 
tor,  based  on  gross  vehicle  weight,  was  derived  for  radial  tire  effects  and  introduced  into 
the  computer  program,  but  it  is  not  shown  in  the.  prediction  formula.  A  linear  variation 
between  the  two  gross  weights  was  again  assumed  and  resulted  in  the  following: 

Radial  Tire 

Correction  Factor  =  0.0001072GVW  -  2.017.  (12) 

The  correction  factor  is  added  to  the  results  of  the  performance  prediction  formula. 
Equation  (12)  should  be  employed  only  when  the  standard  tire  ply  rating  is  used  rather 
than  the  radial  tire  ply  rating. 

e.  Mobility  Model  Modification.  The  C1MM  formula  for  calculation  of  the 
maximum  drawbar  pull  or  negotiable  slope  is: 

DBP  or  Sniax  =  28.87  log10  Cl  +  1 0. 1  C  A  F  -  1 .52  N P\V  -  0.6 1  TP  -  (43.82  or  45.82).  (13) 

If  this  equation  is  solved  for  Cl  and  the  slope  is  redefined  as  that  on  which  tin*  vehicle 
is  operating  rather  than  the  maximum  negotiable  value.  Equation  (13)  then  becomes  a 
means  for  calculating  the  vehicle  cone  index  (VCI).  Performing  these  algebraic  manip¬ 
ulations  on  the  above  formula  results  in 

VCI  =  Antilog,,,  (0.0346S  -  0.35  CAF  + 0.0526  NPW  + 0.0211  TP  +  1.587).  (14) 

The  VCI  is  now  interpreted  as  the  minimum  soil  strength  required  to  ensure  mobility 
on  an  incline  of  slope  S.  The  conventional  definition  of  VCI  dictates  that  the  vehicle 
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be  on  level  in  which  case  S  would  be  identically  zero  in  Equation  (14).  Equation  (13) 
is  frequently  plotted  as  Smax  versus  Cl.  The  value  of  Cl  when  this  curve  crosses  the  Cl 
axis  is  by  conventional  definition  the  VC1.  Consequently,  the  VCI  (on  level)  may  be 
obtained  graphically,  and  solving  Equation  (14)  may  be  supcrflous. 

Data  gathered  in  the  Little  Creek  tests  has  made  possible  the  investiga¬ 
tion  of  three  of  the  constants  in  Equation  ( 1 3).  Earlier  portions  of  this  report  were 
devoted  to  the  calculation  of  these  quantities  plus  two  terms  that  were  added  to  the 
CIMM  formula. 


In  summary,  the  modifications  consist  of:  (I)  re  calculated  coefficients 
for  the  (11  and  inflation  pressure  terms,  (2)  replacement  of  the  “floating”  constant  with 
a  quantity  that  varies  with  vehicle  weight,  (3)  addition  of  terms  which  accounts  for  the 
effects  of  differences  in  front  ami  rear  tire  inflations  and  axle  loadings,  and  (4)  a  correc¬ 
tion  term  to  be  applied  when  radial  tires  are  used. 

Applying  these  changes  to  Equation  (13)  gives: 

DBP  or  Swax  =  28.87  log10  Cl  +  10.1  CAF  -  1.52  NPW  -  0.205  TP 

2.I7<TPK-Tr„)  I.I6<AI.k-AI,„) 

+ - TP — —  - (Tvw - Kn-’  <l5> 


which  is  the  equation  that  is  recommended  for  use  in  predieting  beach  mobility  char¬ 
acteristics  of  large  MIIE  vehicles.  The  corresponding  relation  for  VCI  is: 


VCI  =  Anlilog^J -10.1  CAF  +  1.25  NPW  +  2.05  TP-^17(^|)K  TP|{) 


t  1.16  (ALk-  ALk) 
CVW 


(16) 


Equation  (15)  does  not  take  into  account  the  2 °A  difference  in  DBP  and 
Smax  that  occurs  in  the  CIMM  formula  (Equation  (13)).  Analysis  of  Figs.  6  and  7  does 
not  suggest  that  any  adjustment  could  improve  l)BP-Smax  correlation  since  the  data 
points  are  quite  evenly  distributed  about  the  perfect-agreement  line. 


Some  mention  should  be  made  of  the  dimensions  for  Equations  (13) 
through  (16).  The  original  CIMM  relationships  were  derived  without  regard  to  correct 
dimensionality.  Consequently,  there  occurs  such  mathematical  anomalies  as  the 
logarithm  of  PSI.  This  shortcoming  does  not  detract  from  the  ability  of  the  model  to 
accurately  predict  vehicle  mobility,  but  it  does  restrict  the  allowable  units  for  each 
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term  in  the  formulas.  The  required  ur.its  are:  l)BP  as  percentage  of  GVW,  S  as  percent, 
Cl  in  PSI,  areas  in  square  inches,  inflations  in  PSI,  and  loadings  and  weights  in  pounds. 

The  present  work  makes  no  attempt  to  derive  a  set  of  dimensionally 
homogeneous  formulas  hut  serves  to  refine  and  extend  the  CIMM  relationships.  Usually, 
empirical  expressions  which  are  derived  by  regression  techniques  (such  as  the  CIMM) 
contain  terms  which  are  nondimensional  groupings  of  the  independent  variables.  This 
permits  exponents  and  coefficients  to  be  adjusted  rather  arbitrarily  without  loss  of 
dimensional  homogeneity. 

Appendix  C  defines  the  computer  program  of  the  proposed  mobility 
prediction  technique. 


III.  DISCUSSION 


4.  Presentation  of  Results. 

a.  Computer  Program  Calculations.  The  graphs  in  Appendix  D  are  the 
tabulated  results  from  the  computer  program  using  the  CIMM  formulas.  Smax  (maxi¬ 
mum  negotiable  slope)  was  calculated  in  the  computer  program  and  these  values  were 
plotted  versus  the  coriesponding  values  of  the  Cl.  Values  of  Smax  can  range  from  -30 
to  +50,  and  values  of  Cl  can  range  from  0  to  500.  The  tire  pressures  are  given  as 
(front)/(rear).  The  graphs  for  the  10K  RTFLT  radial  tire  pressures  are  given  as 
(front)/(rear)/(avcrage). 

For  the  cases  using  standard  tires,  two  formulas  were  graphed.  One  is 
the  CIMM  formula  which  does  not  account  for  different  front  and  rear  tire  inflation 
pressures:  i.c.,  the  average  tire  pressure  is  used  in  the  calculation  of  Smax.  These  results 
arc  indicated  by  “OLD”  after  the  tire  pressures.  The  second  formula  plotted  is  the  mod¬ 
ified  CIMM  formula  which  takes  into  account  the  front  tire  inflation  pressure  and  the 
rear  tire  inflation  pressure.  For  example,  if  the  tire  pressures  are  50  front  and  40  rear 
(50/40),  the  plot  is  slightly  higher  than  the  converse  case  (40/50).  Most  graphs  show 
plots  for  each  case.  The  results  from  the  second  formula  are  indicated  by  “NEW”  after 
the  tire  pressures. 

Radial  tires  were  tested  on  both  the  I  OK  and  50K  RTFLT’s.  Results 
from  the  modified  CIMM  formula  are  presented  for  the  radial  tire  case  only. 

Computer  runs  were  made  for  all  tire  pressure  combinations  tested  at 
Little  Creek.  The  actual  test  data  results  are  plotted  on  the  corresponding  graphs  re¬ 
sulting  from  the  computer  output.  Additional  tire  pressure  combinations  were  run, 
and  the  results  were  graphed  for  inclusion  in  this  report. 
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b.  Soil  Mechanics.  Soil  measurements  are  presented  in  detail  or  summary 
form  as  required  to  illustrate  values  used  in  Section  11-3,  Data  Analysis.  The  informa¬ 
tion  and  tabulated  values  are  outlined  as  follows: 

(1)  Test  Course  Maintenance.  The  repetitive  processing  of  the  test  lane 
and  slope  surface  resulted  in  conditions  considered  uniform  within  the  parameters 
used  in  the  data  analysis. 

(2)  Grade  and  Alignment.  I  niformitv  of  the  longitudinal  and  trans¬ 
verse  grades  remained  good  throughout  the  test.  On  the  drawbar  lane,  as  on  the 
prepared  slopes,  frequent  reshaping  was  required  to  eliminate  the  ruts  caused  by 
the  action  of  pulling  wheels.  Since  this  operation  was  performed  many  times,  some 
change  in  the  slope  grades  occurred.  As  a  result,  it  was  necessary  to  measure  the 
slope  each  time  vehicle  stall  occurred. 

(3)  Sand  Data.  Abbreviated  results  of  the  tests  are  shown  in  Ap|>cndix  A 
and  are  as  follows: 

(a)  Cone  Index  (Tables  Ala  through  Aid  in  Appendix  A-l). 

The  values  shown  were  ust'd  to  compare  Profiles  of  Depth  vs  Cone  Index 
for  consistent  trends.  General  classification  of  the  beach  for  sustained  oper¬ 
ation  would  he  “NO  GO”  for  both  lest  and  support  equipment  vehicles. 

(b)  Moisture  Test  (Table  A7  in  Appendix  A-7).  The  tabulations 
show  the  moisture  range  encountered  during  the  test;  and,  except  for  very 
short  periods  of  inclement  weather,  the  drawbar  test  lane  was  classified  as 
dry  to  a  depth  of  3  inches.  The  prepared  slopes  were  dry  on  the  surface  anti 
slightly  moist  at  increased  depths. 

(c)  Density  (Table  A7  in  Appendix  A-7).  The  data  shown  was 
used  to  identify  the  beach  and  to  afford  comparison  of  the  beach  with  the 
prepared  slopes.  Based  on  density,  the  degree  of  consolidation  is  similar. 
However,  a  comparison  of  Cl  will  afford  a  better  comparison  of  shearing 
resistance. 


(d)  Grain  Size  Analysis  (Table  A8  in  Appendix  A-8).  The  grain 
size  data  provides  another  means  of  determining  the  uniformity  of  the  test 
areas  and  also  serves  to  identify  the  beach  sand. 
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V.  CONCLUSIONS  AND  SUBSEQUENT  AREAS  FOR  INVESTIGATION 


5.  Conclusions.  Experimental  data  was  utilized  to  numerically  refine  the  CIMM 
to  secure  an  analytical  method  capable  of  predicting  the  performance  of  large  MIIE 
vehicles  in  sand.  This  was  accomplished  by  adjusting  three  of  the  constants  in  the  ori¬ 
ginal  CIMM  formula  and  adding  two  additional  terms.  These  changes  stein  from  data 
analyses  of  the  present  tests  and  have  no  theoretical  basis.  Consequently,  the  coeffi¬ 
cients  and  terms  developed  here  are  intermediary  and  should  he  adjusted  as  further 
tests  are  performed. 

A  rather  large  data  scatter  was  observed  early  in  the  drawbar  pull  tests.  This 
situation  improved  quickly  and  decisively  as  procedures  were  modified.  One  might 
expect  the  data  scatter  to  increase  with  vehicle  size  because  the  generated  drawbar  pull 
as  a  percentage  of  its  gross  weight  usually  decreases  with  size.  Smaller  vehicles  generally 
have  lower  tire  inflations  and  pull  much  more  relative  to  their  weight. 

Another  observation  should  be  mentioned  regarding  an  item  which  was  beyond 
the  control  of  the  experimenters.  This  was  the  nature  and  size  of  the  beach.  The  sand 
strength  was  not  completely  homogeneous  along  the  test  lane  and  there  was  insuffi¬ 
cient  space  to  make  each  drawbar  pull  run  on  a  virgin  part  of  the  beach.  Also,  some 
general  deterioration  of  sections  of  the  test  lane  was  observed  near  the  end  of  the  experi¬ 
ments.  A  500-fl  extension  of  the  lane  helped  remedy  this  situation. 

Close  visual  observation  of  the  tire-sand  interactions  on  the  dune  slopes  suggests 
that  mobility  exists  only  when  the  tire  is  displacing  the  loose  surface  layer  and  has  not 
exceeded  the  surcharge.  (The  term  “surcharge”  refers  to  the  natural  phenomenon  of  a 
crust  effect  involving  the  upper  few  inches  of  sand.  After  a  period  of  time,  undisturbed 
sand  develops  a  significant  self  attraction,  or  cohesive  force.)  Whether  the  sand  failed 
in  shear  when  the  tire  first  slipped  or  failed  in  bearing  due  to  contact  pressure  is  not 
clear.  It  is  suspected  that  immobility  was  due  primarily  to  bearing  failure  since  slip 
probably  would  not  occur  on  such  small  slopes.  Theoretically,  slip  occurs  only  when 
the  percent  slope  exceeds  the  coefficient  of  friction  between  the  tin:  and  sand  or  the 
tangent  of  the  angle  of  repost:  whichever  is  smaller.  (For  example,  a  parked  vehicle 
would  not  start  to  slide  down  any  of  the  slopes  used  for  the  tests  nor  would  there  be 
any  sand  sliding  due  to  gravitational  effects  alone.)  Since  these  values  were  larger  than 
the  steepest  dune,  bearing  failure*  most  likely  preceded  tire  slippage  (shearing  failure) 
in  all  of  the  present  tests.  The  cone  penetrometer  does  not  measure  either  pure  bearing 
or  pure  shear  resistance,  so  the  foregoing  conclusions  cannot  be  supported  with  the 
soil  strength  data. 

In  Figs.  6  and  7  the  data  points  are  quite  evenly  distributed  about  the  perfect- 
agreement  line.  Consequently,  there  seems  little  justification  in  using  different  equations 
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when  predicting  maximum  slope  and  drawbar  pull.  If  the  tire-sand  interaction  mecha¬ 
nism  is  the  same  on  level  as  on  an  incline,  theory  indicates  that  DBPand  S„.,„  should 
he  numereially  equal.  Since  the  data  and  theory  agree  on  this  point,  it  can  he  conclud¬ 
ed  that  the  traction  mechanism  giving  rise  to  DBP  and  slope  negotiating  ability  is,  in 
fact,  the  same.  Appendix  B  shows  analytical  details  of  the  DBP-Maximum  Slope 
equivalency. 

6.  Subsequent  Areas  For  Investigation.  Future  analyses  of  the  type  performed 
in  Section  11-3  should  investigate  the  possible  dependence  between  so-called  indepen¬ 
dent  variables  such  as  Cl.  inflation  pressure,  unequal-axle  loads,  and  gross  weight.  In 
the  original  derivation  of  the  Cl !VIM  formula,  as  well  as  in  the  present  work,  the  above 
quantities  were  assumed  to  be  completely  independent  of  each  other.  In  reality  ,  this 
may  very  well  not  be  the  ease.  Substantial  additional  data  would  he  required  to  gain 
insight  into  this  possihlity.  Kaeh  independent  variable  would  have  to  be  held  constant 
while  varying  the  others  through  a  range.  If  each  of  N  variables  is  to  have  M  discreet 
values,  then  M^1  number  of  tests  would  have  to  be  performed. 

Two  of  the  greatest  assets  of  the  C1MM  is  its  mathematical  simplicity  and  the 
ease  with  which  the  soil  strength  is  described  via  the  Cl  value.  The  Cl  then  is  one  of  the 
most,  if  not  the  most,  important  independent  variables  in  the  equations  for  maximum 
negotiable  slope  and  drawbar  pull.  When  the  mobility  prediction  equations  are  list'd, 
the  immediate  question  which  comes  to  mind  is  which  Cl  value  to  use.  Previously,  for 
smaller  vehicles,  the  average  of  Cl  values  at  the  surface,  at  the  3-inch  depth,  and  at  the 
6-inch  depth  has  been  used.  This  constitutes  what  is  referred  to  as  the  0-  to  6-inch  crit¬ 
ical  layer. 


Results  of  the  present  analysis  suggest  that  a  0-  to  9-inch  or  a  0-  to  12-inch 
layer  is  more  appropriate  for  the  larger  vehicles  with  higher  inflation  pressures.  An 
alternate  procedure  will  now  be  presented  which,  when  used  with  the  CIMM  formulas, 
will  eliminate  the  problem  of  assuming  a  proper  critical  layer. 

In  general,  the  procedure  consists  of  adjusting  the  data  points  until  they  fit 
the  prediction  curve  and  observing  the  resulting  Cl.  The  depth  corresponding  to  Shis 
Cl  is  taken  as  the  critical  depth. 

It  is  apparent  that  there  are  an  infinite  numlier  of  paths  along  which  a  data 
point  could  be  adjusted  to  reach  the  curve.  In  Fig.  9  three  linear  paths  present  them¬ 
selves  as  logical  and  they  are  easily  defined  mathematically.  These  paths  are  defined  as: 
(I)  minimum  distance  between  data  point  and  calculated  curve,  (2)  vertical  path  (Cl  re¬ 
maining  constant),  and  (3)  horizontal  path  (DBP  remaining  constant).  Paths  (1 )  and  (2) 
arc  judged  to  be  not  acceptable  since  motions  in  these  directions  incur  changes  in  DBP. 
Since  DBP  is  not  the  variable  in  question,  it  should  remain  unchanged.  Consequently, 
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I *;i t h  (3)  is  selected  winch  results  in  a  change  only  ill  the  cone  index  reading— which  is 
the  variable  in  question. 

The  cone  index  value  of  the  intersection  of  the  Path  3  projection  and  the 
computed  curve  is  obtained  for  use  in  Fig.  10.  This  graph  represents  the  cone  index 
profile  corresponding  to  the  performance  curve  in  Fig.  9.  The  depth  at  which  the  pro¬ 
jected  Cl  value  from  Fig.  9  occurs  as  determined  in  Fig.  10  is  defined  as  the  critical 
depth. 


It  should  he  understood  that  the  foregoing  discussion  siinpl)  presents  an  al¬ 
ternate  procedure  to  acquire  a  Cl  value  for  the  mobility  prediction  equation.  It  is  equi¬ 
valent  to  fitting  the  data  to  the  curve  rather  than  the  conventional  procedure  of  fitting 
the  curve  to  the  data.  Schemes  like  this,  which  might  appear  unorthodox,  can  he  resorted 
to  only  because  of  the  wide  latitude  one  has  in  selecting  a  value  for  Cl.  Apparently, 
there  is  no  convincing  argument  for  using  the  critical  layer  average  other  than  the  fact 
that  performance  data  for  certain  sized  vehicles  can  he  correlated  well  using  that  quantity. 
However,  as  vehicle  size  and  tire  inflation  change,  so  docs  the  optimum  critical  layer 
definition.  The  above  proposed  technique  would  eliminate  the  trial  and  error  search 
for  an  optimum  critical  layer  and  would  provide  an  explicit  scheme  lor  determining  a 
Cl  value. 


Observation  of  the  present  tests  and  analysis  of  the  data  seem  lo  suggest  tha1 
a  fresh  and  more  simplified  approach  to  beach  mobility  prediction  may  be  plausible. 
Future  investigations  should  include  the  consideration  of  lire  contact  area  as  a  parameter. 
Conceivably,  a  performance  prediction  technique  could  be  develop'd  in  which  the  only 
independent  variables  would  he  contact  pressure  and  soil  strength.  This  suggestion  is 
based  on  the  conviction  that  immobility  is  a  direct  consequence  of  catastrophic  sand 
bearing  failure.  Contact  pressure  (i.c.  contact  area  and  wheel  loading)  would  reflect 
entirely  the  necessary  vehicle  characteristics  to  be  considered. 

The  following  is  a  proposed  method  for  approximating  vehicle  motion  resis¬ 
tance  when  the  rut  depth  can  he  estimated.  The  Cl  reading  at  a  particular  depth  is 
numerically  equal  to  the  force  in  pounds  applied  lo  the  penetrometer  shaft  divided  by 
the  area  in  square  inches  of  the  cone  base.  Since  work  is  defined  as  force  times  dis¬ 
tance,  then  the  product  of  average  Cl  and  rut  depth  shoub!  :ive  some  indication  of  the 
work  done  on  the  sand  by  the  tire.  It  would  be  a  belter  muicalion  if  Cl  values  were  a 
direct  indication  of  the  sand  bearing  resistance.  The  work  performed  by  the  towed 
vehicle  tin1  on  the  sand  is  the  mechanism  by  which  motion  resistance  is  generated.  The 

algebraic  relationship  w<  <  ild  he  Work  per  rut  area  CI|V(.  x  D  (■■>).  Multiplica¬ 

tion  by  rut  width  results  in  Work  per  unit  length  :  Cl  x  I)  x  Wd.  Work  per  length 
has  the  same  dimensions  as  force  and  in  this  case  is  interpreted  as  the  drawbar  pull 
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motion  resistance  force.  The  equation  for  estimating  motion  resistance  would  then  be 
MR  =  Cl  x  I)  x  Wd. 

UVt 

In  statistics,  the  coefficient  of  correlation  is  a  calculated  quantity  which  indi¬ 
cates  the  goodness-of-fit  of  a  curve  to  data  points.  The  square  of  t!iis  value  is  the  per¬ 
cent  of  variation  in  the  dependent  variable  that  can  be  attributed  to  differences  in  the 
independent  variables.  The  correlation  coefficient  for  the  mobility  prediction  equation 
in  the  present  work  (0.92  for  50K  RTFI.T  and  0.62  for  10K  RTFLT  data)  is  less  than 
that  for  the  corresponding  CIMM  equation  (0.96).  This  is  not  to  say  that  the  original 
CIMM  is  the  most  accurate  in  predicting  mobility  of  large  vehicles  with  high  tire  infla¬ 
tions.  Quite  the  contrary,  the  CIMM  has  been  tailored  to  fit  the  data  gathered  in  large 
vehicle  tests.  The  lower  correlation  coefficient  resulted  mainly  from  the  relatively  small 
number  of  data  points  under  consideration  and  also  from  their  scatter.  As  greater  quanti¬ 
ties  of  large-vehicle  data  become  available,  the  correlation  coefficient  should  improve 
and  the  resulting  formulas  may  be  used  with  a  higher  degree  of  confidence.  In  summary, 
the  formulas  derived  in  the  present  work  are  more  pertinent  to  large-vehicle  mobility 
predictions  but  are  not  data-eorrelated  as  well  as  the  CIMM  because  of  large  scatter  and 
fewer  data  points. 
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APPENDIX  A 


TEST  DATA 


A- 1 .  Master  Analysis  Sheets 

Y2.  Prepared  Slope  Data 

A-3.  Drawbar  Pull  Data 

A-4.  Motion  Resistance  Tests 

A-5.  Vehicle  Contact  Pressures 

A-6.  Drawbar  Test  Lane  Cone  Index  Profile 

A-7.  Soil  Moisture  and  Density  Data 

A-H.  Crain  Size  Distribution 

A-0.  Drawbar  Pull  Test  Lane  Elevation  Profile 

A- 10.  Prepared  Slope  Elevation  Profile 

A- 1  I.  Vehicle  anil  Tire  Parameters 
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A-l.  MASTKR  ANALYSIS  SIIKKTS 


Tilt'  master  analysis  sheds  (Tables  Ala  through  Mil)  are  a  eompilalioii  of  the  tlaia 
obtained  and  were  used  in  the  t  ab  ulations  to  nit  lii'y  the  (loin  Index  Mt>l>i lit \  Model 

Shown  are  slope  Cl  averages,  Vr  slope  (S  )  where  stall  oeeurretl,  drawbar  pull 
(DltP),  anil  drawbar  lane  Cl  values.  The  weighted  average  is  an  average  of  S||)av  a|y  anti 

( i\(  s  >+  Dm‘\ 

DIM*  giving  twit  e  the  weight  of  DIM*:  ^ - - J-  IMI*  is  adjusted  for  side 

slope,  anti  S  anti  the  weighted  average  are  adjusted  to  a  l  onimon  (II.  The  purpose 
of  the  weighting  is  tliseussetl  in  the  hotly  of  this  report. 


Tahir  A- la.  10  K  RTFI.T  Standard  Tin 


Table  A  id.  50  K  RTFI.T  Radial  Tires 
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A-2.  PREPARED  SLOPE  D  ATA 


All  vehicles  were  operated  on  prepared  slopes  during  the  tests.  Each  vehicle 
ascended  progressively  steeper  slopes  until  stall  occurred.  At  the  point  of  vehicle  stall. 
Cl  readings  were  taken  and  the  percent  slope  was  measured  (Tables  A2a  through  A2g). 
Though  not  shown,  some  12-inch  and  all  15-  and  18-inch  depth  penetrometer  readings 
were  taken.  These  were  omitted  because  these  values  wen'  not  used  in  the  analysis. 
Representative  value  ranges  arc  shown  below: 


15-inch  depth  -  275  -  625 
18-inch  depth  -  625  -  750 


Some  measurements  exceeded  these  ranges  and  some  overlapping  occurred;  however, 
in  every  case  the  average  Cl  increased  significantly  with  depth. 


Table  A-2a.  10  K  RTFl.T  Standard  Tires  .2  Cone 


25  Sept  50-50  Eq-Ax  25  80  I  213.8  350  106.3  167 


Average  Cone  Index  Readings  1 0-#"  0-  9  "  No.  of  Slope  Slope 


to 


Table  A-2d.  50  K  RTFI.T  Radial  Tiro  .2  Com- 


40-25  6K  22.5  93.3  220 
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A-3.  DRAWBAR  PULL  DATA 


Drawbar  pull  (DBP)  tests  were  performed  on  each  vehicle  (Tables  A3a  through 
A3ss).  A  fifth  wheel  was  attached  to  the  test  vehicle  and  “pips”  were  recorded  from 
this  fifth  wheel  and  also  from  either  the  right  rear  wheel  or  the  drive  shaft  of  the  test 
vehicle.  A  load  cell  was  used  to  measure  the  force  generated  by  a  holdback  vehicle  (see 
test  procedure).  These  values  were  recorded  on  a  paper  recording  tape. 

From  the  tape,  the  number  of  pips  over  a  certain  time  period  was  noted.  From 
these  values,  the  ground  speed  and  the  travel  efficiency  were  calculated.  The  “Factor” 
noted  on  each  sheet  was  obtained  to  find  the  rates  of  the  fifth  wheel  and  vehicle  pips 
in  a  “no  slip”  condition  by  running  the  test  vehicle  with  the  fifth  wheel  attached  on  a 
hard,  dry  surface.  The  following  equations  were  used: 


(#5th  wheel  counts)  x  (5th  wheel  Rolling  Circumference*) 
Time  in  seconds 


=  Ground  Speed  (rnph ) 


1.467 


wheel  Count)  x  100  =  Tn|Vr|  Hfi(.irnrv  {Vf) 
Test  Vehicle  Count 


100  -  Travel  efficiency  =  Slip  (%). 

For  the  tests  on  the  20-Ton  Rough  Terrain  Crane,  the  factor  equation  was  not  used 
to  calculate  travel  efficiency.  The  equation  used  was: 

Travel  Efficiency  (%)  = 


(  5th  Wheel  Rolling  Circumference 
iTcst  Vehicle  Wheel  Rolling  Cireumfc 


—  > 
•rcnce/ 


(5th  Wheel  Count)  x  100 


Vehicle  Wheel  Count 


*5lh  Wheel  Rolling!  Circumference  used  was  6.98  feet. 


Drawbar  pull  was  also  shown  as  a  percent  of  gross  vehicle  weight.  This  value  was 
plotted  against  slip  and  representative  graphs  are  shown  in  Figs.  A3- 1  and  A3-2.  From 
these  graphs,  the  maximum  DBP  was  obtained  from  the  10  to  60  percent  slip  range. 
These  values  were  tabulated  on  the  Master  Analysis  Sheets  under  the  column  heading 


DBP. 
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19  SEPT  73 


INFLATION:  35 F  -  30R 
GVW:  35260  lbs. 


SLIP  (%) 


1  OCT  73 


INFLATION  :  50F  -  45 R 
GVW:  33700  lbs. 

RADIAL  TIRES 


Table  A-Ha.  Standard  Tires 


10K  RTFLT 


Inflation;  F- ?n  R- 1 s 


Date  19  Sept  1973 


10K  RTFLT 


Table  A-3I>.  Standard  Tires 
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3.5 

81.8 

10313 

23.3 

18.2 

2820 

18 

5 

warn 

2.9 

1.5 

.95.4 

4500 

10.2 

4.6 

2880 

— 

— 

_  .  _ 

— 

■H 

— 

— 

— 

WM  ■ 

I 


Date  19,  20,  24, 
Sept  1973 

10K  RTFLT _  Table  A-3<\  Standard  Tires  Inflation;  F-  30  R-  30 


10K  RTFLT 


Table  A-3d.  Standard  Tires 


Inflation:  fJO  r-  40 


Date  18  Supt  1973 


K 


r 


10K  RTFLT 


Table  Ade.  Standard  Tires 


Inflation:  F- 3Q  R- 50 


,  GVW  35260  FACTOR 


■ 

mm 

BiH 

Time 

(Secs) 

5  th 
Wheel 
Count 

Ground 
Speed 
|  firiDhl 

Test 

Vehicle 

Count 

Travel 

EFF 

m 

DBP 

(lbs) 

DBP 

(7.GVW) 

Slip 

(7.) 

Eng 

RPM 

mm 

3 

3 

2.9 

1.5 

96 

2438 

6.9 

4  |  2760 

Ss 

5 

2 

1.9 

1.5 

64 

1688 

4.8 

36  1  2820 

3 

10 

3 

1.4 

3 

48 

1500 

4.2 

72 

2760 

4 

10 

2 

.95 

3 

32 

2188 

6.2 

68 

i  2760 

5 

10 

l 

.48 

2.5 

19.2 

SB! 

80.8 

|  2700 

6 

10 

2 

.95 

2.5 

38.4 

2063 

61.6 

2760 

7 

10 

l 

.48 

2.5 

19.2 

3750 

10. b 

80.8 

1 

8 

5 

l 

.95 

1 

48 

2230 

6.4 

52 

2760 

9 

5 

2 

1.9 

1.5 

64 

2625 

7.4 

36 

27b0 

12 _ 

10 

_  7 

_ 

4 

84 

625  L 

.2 

16 

2880 

11 

10 

4 

3 

64 

1563 

4.4 

36 

2760 

12 

5 

1.7 

1.5 

54 .4 

1250 

3.5 

Hm 

3360 

t 

mm 

^3 

mm 

mm 

■  4- 

1 

! 

■■I 

^S 

1 

_ 

H  8 
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10K  RTFLT 


Table  A-3i,  Standard  Tires 


Da te  20  Sept  1973 
Inflation:  F-40  R-30 


10K  RTFLT 


Table  A-3j.  Standard  Tires 


Da  te  20  Sept  1973 
Inflation:  F-40  R-40 


CVU  352t>0 


Tahir  A-Tk.  Standard  Tiro 


FACTOR  .48 


Date  14  Sept  1973 
T nflatlon:  F-  aq  R-  sa 


|  Time  j  5  th  'Ground  Test  f  Travel  l  DBP  DBP  Slip 

(leading  !  (Sec*)j -neel  Speed  Vehicle  EFF  '  (lbs)  i  (7.GVW)  (?.) 

- Count  .  _ Count  (7.)  _ i _ 

4 _ 1 _ 1 _ 5  I  3.2  I _ 3  1  1.8  1  82.4  125  I  . 

2  10  3.1  I  1.5  I  3  I  49  3 


Date  IS  Sept  1973 


10K  RTFLT 


Table  A-31.  Standard  Tires 


Inflation:  F-^O  R-30 


SMEFH  Form  92 


10K  RTFLT 


Table  A-3m.  Standard  Tires 


Inflation:  f-50  R-40 


Date  17  Sept  1973 


Table  A-3p.  Standard  Tires 


Date  13  Sept  1973 


10K  RTFLT 


Inflation:  F- 50  R-45 


GVW  44 100  FACTOR  .48 


leading 

Time 

(Secs) 

5  th 
Wheel 
r.ount 

Ground 

Speed 

CniDhl 

Test 

Vehicle 

Coun*- 

Travel 

EFF 

m 

DBP 

(lbs) 

DBP 

(7.GVW) 

Slip 

(7.) 

Eng 

RPM 

■p 

10 

6 

2.3 

3 

95.4 

1625 

3.7 

4.6 

2700 

El 

10 

2 

.95 

2.5 

38.2 

250 

.57 

61.8 

2640 

3 

10 

1 

ra 

19.1 

938 

2.1 

_  4 

5 

UWPt: 

i 

wm 

im 

1  ■ 

5 

10 

2 

.95 

2.5 

in 

938 

mm 

61.9 

2820 

6 

10 

2 

.95 

2.5 

38.1 

2375 

5.4 

61.9 

2760 

7 

10 

2 

.95 

2.5 

.  3.9 

8 

10 

1 

.48 

2 

23.9 

mm 

4.2 

76.1 

2640 

9 

10 

1 

.48 

2 

23.9 

1688 

3.8 

76.1 

2640 

10 

10 

1 

.48 

2 

23.9 

7813 

1.8 

76.1 

2700 

11 

10 

2 

.95 

2.5 

38.2 

938 

2.1 

61.8 

2700 

12 

10 

4 

1.9 

3 

63.3 

62.5 

.14 

36.7 

2760 

13 

5 

2 

1.9 

1 

95.4 

562.5 

1.3 

4.6 

2640 

14 

10 

3 

1.43 

2.5 

57.2 

875 

2 

42.8 

2640 

15 

10 

.  6 

2.85 

3.5 

81.8 

3063 

6.9 

2820 

16 

10 

5 

2.38 

3.5 

MEM 

1625 

3.7 

Tin 

2820 

17 

10 

»9£H| 

2.38 

3 

mm i 

1500 

3.4 

20.5 

2790 

18 

5 

1.9 

1.25 

76.3 

2000 

4.5 

23.7 

2760 

19 

5 

1 

1 

.1 

68.2 

2712 

20 

10 

gKKl 

1.43 

3 

Em 

2000 

4.5 

52.3 

2730 

21 

mm 

.95 

3 

mi 

1750 

■pl 

68.2 

2730 

1. 

Em 

Em 

! 

Li 
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10K  RTFLT 


Table  A-3q.  Standard  Tire; 


Date  18  Sept  1973 


Inflation:  F- sn  R-  sn 


10K  RTFLT 
GVW  44100 


Table  A-3s.  Radial  Tires 

ACTOR  2.65 


20-L 

Inflation:  F- 45  R-25-R 


Date  1  Oct  1973 


ml  vD 


50  K  RTFI.T 


Table  A-3v.  Standard  Tires 


50  K  RTFI,T 


Table  A-3w.  Standard  Tires 


Inflation:  F- 35  R- 35 


Date  10  Oct  1973 


50  K  RTF  IT 


Table  A-3x.  Standard  Tire; 


Inflation:  F-  33  R-  3  5 


Tahir  A -3z.  Si  a 


'>0  K  RTFI.T 


cvw  119000  r 

•ACTOR 

leading 

Time 

(Secs) 

5  th 
Wheel 
Count 

Ground 
|  Speed 
fmohl 

Test 

Vehicle 

Count 

1 

10 

3.0 

.46 

10.9 

2 

5 

2.5 

.50 

11 

3 

5 

7 

1.7 

17 

4 

10 

5.76 

.  7 

22.7 

5 

10 

2.05 

.2 

16.4 

6 

10 

2.12 

.3 

17.3 

- 

I 

j 

1 

-  j  - 

1 

- - 

rd  Tires 


I  n  flat  ion:  F-  50  R-  50 


.7 


Travel 

EFF 

(7.) 

DBP 

(lbs) 

DBP 

(7.GVW) 

Slip 

(%) 

Eng 

RPM 

32.9 

200 

.2 

57.1 

1800 

38.1 

1000 

.8 

61.9 

1920 

69.1 

1700 

1.4 

30.9 

1920 

Date  10  Oct  1973 


50  K  RTFLT 


Table  A-3aa.  Standard  Tires 


Inflation;  T- 50  R-  62 


Date  9  Oct  197? 


•in  k  RTFi/r 


Table  A-3rr.  Standard  Tires 


Date  3  Oct  1973 
Inflation:  F-  90  R-  55 


I 


.50  K  RTFI.T 


Tnlilr  A-dff.  Standard  Tires 


Date  3  Oct  1973 


Inflation:  F-  90  R- 55 


Date  17  Oct  1^73 


50  K  RTI’I.T 


Table  A-3hh.  Radial  Tires 


Inflation:  F-  R-  21 


10  k  RTFI.T 


Table  \  :tii.  Radial  Tire? 


Inflation:  F-  10  R-  35 


leading 

Time 

(Sees) 

5  th 
Wheel 

Fount 

! Ground 

J  Speed 
(smii) 

Test 
!  Vehicle 

1  Count 

P 

i  Travel 

1  EFF 

-  CQ 

D3P 

(lbs) 

D8P 

(7.GVW) 

Slip  j 

00 

ling 

15  PM 

1 

io  ! 

18 

!  2.1 

1  32.8 

I  93.3 

1  0 

0 

6.7  | 

1560 

Date  15  Oct  1973 


Date  lb  Oct  1^73 


50  K  kt:  i.t 


Table  V.3II.  Radial  Tin-.s 


Inflation:  F-  62  R-  33 


50  K  RTFLT 


Tahir  A-Dmir.  Radial  Tirrs 


Inflation:  F-  80  R-  35 


6K  RTFLT 


Tahir  A-3qq.  Sand  Tires 


\-4.  MOTION  RESISTANCE  TESTS 


For  these  tests.  the  test  vehicle  was  lowed  in  a  pure  rollin';  stall  (no  power  applied 
lo  driving  wheels),  (.round  speed  and  resistance  force  were  noted.  The  vehicles  were 
towed  hack  through  their  old  tracks  (OT)  and  also  on  a  hack-dragged  (III))  or  smooth 
beach  surface  (Tables  \4a  through  A4g). 


The  speed  cheek  count  w  as  taken  from  the  pips  of  either  the  5th  wheel  or  the 
test  vehicle.  The  eipiation  used  is  as  follows: 


,  ,  ,,  (Sneed  Cheek  Fount)  x  K 

(.round  Speed  (tnph)  =  1 — — - - - — — 

‘  I  line  m  seconds 

1.467 


K  =  6.98  -  I  Ok  RTFI.T  (Radial  Tires) 

20  Ton  RT  Crane 

(5th  W  heel  Rolling  Circumference) 

14.62  -  I  OK  RTFI.T  (Standard  Tin  s) 

(Vehicle  Rolling  Circumference) 

1 .035  -  50 K  RTFI.T  (Standard  Tires) 

1.04  -  50 K  RTFI.T  (Radial  Tires) 

(From  Vehicle  “no  slip”  Rolling  Factor  (Appendix  A-3) 

.712  -  6K  RTFI.T  (Standard  Tires) 

.82  -  6K  RTFI.T  (Sand  Tires) 

(From  \  chicle  “no  slip”  Rolling  Factor  (Appendix  A-3) 


■■in 


10 

8 

8 

4875 

10 

8.3 

8.3 

3937.5 

10 

8 

8 

4250 

10 

8 

8 

4375 

10 

8 

8 

5000 

10 

10 

10 

4750 

10 

10 

10 

6625 

10 

11 

11 

8625 

10 

10.3 

10.3 

6000 

13. 

,  8 

11. 

.1 

12. 

,0 

12. 

,4 

14. 

,1 

13. 

,4 

18. 

,7 

24. 

,4 

17 
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L. 


Tahir  4c.  !50  K  H ouj'li  Terrain  Forklift  Truck  (rout'd) 


T;ilili'  \-4c.  6  K  Kihi”Ii  Terrain  Forklift  Truck 

Type  inflation  Time  Speed  Ground  Force  GVW 
tire  F  -  R  j ( sac» )  check  Speed  (lbs) 

Count  (mph) 


Force  Remarks 
(7.) 

(GVW) 


Force  GVW 
(lbs) 


Force  Remarks 

a) 

(GVW) 


A-5.  VEHICLE  CONTACT  PRESSURES 


The  lire  contact  areas  were  taken  l»y  rollin';  the  tires  onto  a  large  sheet  of  paper 
mounted  on  a  firm,  dry,  level  surface.  A  string  was  pulled  light  around  the  tire  to 
paper  interface,  and  paint  was  sprayed  around  the  contact  region  of  the  tire.  The  area 
within  the  string  was  measured  and  represents  the  overall  tire  contact  area  on  a  hard, 
level  surface. 

These  areas  were  then  used  with  the  various  axle  loadings  to  give  the  ground  con¬ 
tact  pressures  listed  (Table  A-5). 


Tablr  A-l).  Vehicle  Contact  Pressure  (rout'd) 


20T  RTC  Load  55-55  293  299  29^  352  6U26O  323UO  31920  5**.6  49.U  52 

"  "  Load  35-35  3**7  U31  U31  U21  6U260  323^0  31920  Ul.6  37.5  39.5 


\-6.  DRAWBAR  TEST  LANE  CONE  INDEX  PROFILE 


Cone  Index  strength  readings  were  laken  throughout  the  test  using  a  standard  cone 
penetrometer  with  a  0.2-in.2  base.  The  readings  are  shown  in  terms  of  averages  of  a 
given  number  of  profiles  on  a  certain  date  (Tables  A6a  through  A6d). 

The  beach  strength  is  shown  in  graphical  form  in  Fig.  A6  for  both  the  earliest  and 
latest  Cl  profiles.  The  30  August  data  covers  just  the  first  500  ft  of  the  test  lane,  and 
the  16  October  data  covers  the  entire  1500-ft  course.  This  coincides  with  the  portion 
of  the  test  lane  in  use  at  the  time  the  profiles  were  taken. 

Samples  of  the  individual  profiles  are  also  shown  to  give  some  idea  of  the  range 
of  values.  The  profiles  shown  are  denoted  on  the  summary  sheet  (Table  A6d)  by  *. 


l‘ 

I 


Talile  A-6a.  I)  raw  liar  Test  Pane  (ame  Index  Profile  | 

_  30  August  1973 


Tahir  A-6b.  Drawbar  Tot  hanr  Conr  Indrx  Profilr 


Table  A-6e.  i»rawbar  Test  bane  Cone  Index  Profile 


Table  A-6rl.  Drawbar  Pull  Test  l.ane  Tone  Inrftx  Profiles 


A-7.  SOIL  MOISTURK  AND  DENSITY  DATA 

Table  AT.  Soil  Moisture  and  Density  Data 


Station 

Moisture  (ion tent  (',/ ) 

Density 
(Ib/eu  ft) 

Descriptive  Moisture  Classification 

Surface 

1  to  .1  in. 

0  to  0  in. 

6  to  0  in. 

Surface 

Siilisiirfa-e 

A.  Drawbar  laine 

0  i  00 

0-1.0 

0.5- 1.0 

1. 0-4.0 

01 -Of! 

l)r\ 

Slightly  Moist 

1  t  IK) 

0-1.0 

0.0-0.5 

1 .0-4.0 

00-00 

Dry 

Slightly  Moist 

2  i  00 

0-1.0 

0.4-1. ft 

1. 5-4.0 

557-07 

Dry 

Slightly  Moist 

:i  f  00 

0-1. r> 

0. 0-2.0 

1. 5-4.0 

(555-00 

Dry 

Slightly  Moist 

4  v  00 

0-1.0 

1 .0.1.0 

1. 0-4.0 

557-05 

Dry 

Slightly  Moist 

t  00 

0-1.2 

1. 0-2.7 

1. 0-4.0 

552-055 

l>r\ 

Slightly  Moist 

10  i  00 

o-o.r. 

1. .4-1.0 

.4. 0-4.0 

055 

Dr\ 

Slightly  Moist 

II  MK> 

0-0..T 

1. 1-1.7 

1.04.0 

02 

l)r\ 

Slightly  Moist 

12  t  00 

0.0.5 

1. 0-2.0 

1. 0-4.0 

05 

Dry 

Slightly  Moist 

i:<  •  (N) 

0-0.5 

2. 0-2.4 

2. 5-2.0 

5555-07 

Dry 

Slightly  Moist 

14  »  (N) 

0-0.5 

I.0-.4.0 

2. 0-4.0 

01-055 

Dry 

Slightly  Moist 

Slope  No. 

15.  Prepared  Slopes 

1 

0-0.5 

1. 5-4.0 

2.0-4. 2 

05-07 

Dry 

Moist 

2 

0-0.5 

O.H-2.2 

2. 1-2. 7 

05-00 

Dry 

Moist 

:i 

0-0.5 

1.. 4-2.4 

2.2-2.*J 

00-07 

Dry 

Moist 

4 

0-0.5 

1. 7-2.0 

241-4.0 

00 

Dry 

Moist 

5 

0-0.5 

1. 0-2.2 

2.44.0 

05-00 

Dry 

Moist 

a 

0-0.5 

2.5-.4.0 

4.4- 

- 

Dry 

Moist 

o 

0-0.5 

1. 5-2.7 

1.0-4. 1 

05 

Dry 

Moist 

I 


A -8.  GRAIN  SIZE  DISTRIBUTION 


Tahir  A8.  Grain  Si/e  Distribution  (Average  Values) 


1  )t'|>( Ii 

— 

Permit  Fines  by  Weight  for  U 

•  V - H  -  f _ 

.  S.  Standard  Sieve  Numbers 

(in) 

No.  10 

No.  20  No.  40 

No.  60 

No.  100 

No.  200 

A.  Station  0  +  00  thru  6  +  00 

1  In  :t 

99.7 

94.8  r>o.o 

4.8 

0.4 

0.2 

6  to  9 

99.7 

94.6  52.2 

5.4 

0.5 

0.2 

It.  Station  10  +  00  thru  14  +  00 

1  In  :t 

98.6 

90.3  54.8 

10.8 

0.8 

0.2 

6  to  9 

99. 1 

89.7  47.4 

8.1 

0.6 

0.2 
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Mi  WVH Alt  PI  LI.  TEST  LANK  KI.K\  \TI<)\  PKOKILK 


Drawbar  (Mill  test  lane  elevation  data  were  taken  In  determine  llir  percent  of  side 
slope  present  al  tilt*  test  site  (Table  A'J).  The  data  given  cover  a  dli-fool-widc  test  lain*, 
giving  relative  longitudinal  elevations  and  the  permit  of  side  slope. 

The  area  liclwccn  the  stations  marked  “Area  not  used  for  Drawbar  Testing"  was 
avoided  heeaiise  of  excessive  side  slope. 

The  data  under  the  heading  "DlilV^j"  on  the  master  analysis  sheets  (  Appendix  \  I ) 
are  drawbar  force  adjusted  to  side  slope. 

The  side  slope  varied  somewhat  due  to  resurfacing  of  the  test  lane  alter  each  test. 
Resurfacing  tended  to  decrease  the  side  slo|M\ 
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A  IM.  PKKPAKKI)  SLOPE  ELEVATION  PROFILE 


This  section  gives  elevation  profiles  of  tin-  prepared  slopes  that  were  used  in 
\ppendi\  A-l  (iiveii  are  coordinates  going  from  0  (at  the  bottom  of  the  slope)  to  To 
ft,  in  intervals  of  f>  ft,  and  overall  elevations  (Table  \- 1 0).  The  average  slope  is  calcu¬ 
lated  over  the  entire  7o-fl  length.  Each  slope  was  approximate!)  ,'10-fl  wide. 

The  slopes  varied  slightlv  due  to  resurfacing  after  each  lest  (Section  11-2).  Because 
the  top  and  bottom  regions  of  the  inclines  tended  to  flatten  out,  the  average  slo|>es 
quoted  here  are  general!)  less  than  those  measured  at  the  stall  positions. 


SMEFn  Form  92 
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Table  A-IO.  Prepared  Slope  Elevation  Profile  (cont’d) 


able  A- 10.  Prepared  Slope  Elevation  Profile  (eont'd) 


Slope  No.  5 _ Slope  No.  6 


Station 

Elev. 

Average 

Slope 

Station 

Elev. 

Average 

Slope 

0  ’ 

3.2 

0 

2.6 

s 

?.ft 

10 

3.4 

1 

10 

2.9 

19 

3.6 

15 

3.1 

20 

3.8 

20 

3.3 

_25 

4.0 

25 

3.6 

30 

4.2 

30 

3.7 

25 

4,5 

35 

3.8 

Un 

U.fl 

lir» 

!i,n 

.  J*5 

5.1 

45 

4.3 

ro 

5.4 

50 

4.6 

55 

5.6 

1 

55 

4.7 

60 

5.9 

1 

60 

5.0 

65 

6.2 

65 

5.3 

70 

6.4 

70 

5.6 

75 

-6.7 

75. . 

5.9 

4.7% 

4.4% 

1 

1 

- — 

rr  '  i 

■ 

■[ 

Ri 
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Table  A- 10.  Prepared  Slope  Elevation  Profile  (eont’H) 


Table  A- 10.  Prepared  Slope  Elevation  Profile  front'd) 


i 


A  ll.  \  KIIICLK  AND  TIBK  I*  ARAM KTKBS 


Talile 

Vila.  Vehicle 

Parameters 

Whole 

Load 

Cond 

(;v\v 

(II*) 

I'Yonl  Axle  Load 

<H>) 

Bear  Axle  Load 

(II*) 

r>oK  irm/r 

Loaded 

160.400 

144,000 

27,400 

Caterpillar  0240 

KQ  A\ 

1  10,600 

59,000 

59,000 

Kni|»t\ 

1  10,450 

44,700 

65.650 

iok  irm/r 

Loaded 

14.100 

42.500 

1  1 ,520 

l  S  A-109  69057 

LO  \\ 

45.260 

17.640 

1  7.640 

Model- \  5520-1. 
Serial  No.  -BOB 

Lmpl\ 

44.760 

15.420 

10,440 

Ok  lUT’l.T 

Loaded 

29,200 

20,260 

9.020 

Model  MLT  6-67 
Serial  No.  LT  1-994 

Kinpl  s 

24,000 

9.020 

1  4,920 

201’  BTC 

Kmpt\ 

64,260 

52.440 

41,920 

USA  0BB90567, 
Model  \  i  { KKK). 
Serial  No.  45091 


1 25 


Table  A-llb.  Tire  Parameters 


Vehicle 

Tire 

Tire  Width 

(in-) 

Rim  Diameter 
(in.) 

Ply  Rating 

20T  RTC 

Goodyear 

All-Weather 

26.5 

25 

26 

10K.  RTFLT 

Goodyear 

Sure -Grip 

20.5 

25 

16 

10K  RTFLT 

llniroyal 

Radial 

20.5 

25 

12 

6K  RTFLT 

Goodyear 

Sure -Grip 

1 7.5 

25 

12 

6K  RTFLT 

Goodyear 

R.  6-Sand 
Service 

18 

25 

12 

50K  RTFLT 

Goodyear 

Superhard 

Rock  Lug 

29.5 

29 

40 

50K  RTFLT 

Mielielin 

Steel  Cord 
Radial 

29.5 

29 

2-Star  Rating 
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APPENDIX  B 


DRAWBAR  PULL  -  MAXIMUM  SLOPE  EQUIVALENCY 


The  maximum  DBP  a  vehicle  can  develop  oil  a  firm,  level  surface  theoretically 
varies  directly  as  the  gross  vehicle  weight  (Fig.  B-l).  The  proportionality  constant  is 
defined  as  the  static  friction  coefficient  p.  Algebraically  we  have 

DBP  «  W 

or  |)BP  =  j*W.  (B-l) 

For  a  vehicle  on  an  incline,  the  retarding  force  is  the  weight  component  which  is 
directed  down  the  slope  (Fig.  B-2).  To  insure  a  constant  velocity  up  the  slope,  this 
force  must  he  equal  to  the  tractive  force.  Equating  these  forces  results  in 


W  SIN  Q  =  pW  cos  6. 


(B-2) 


For  a  tire  operating  in  soft  sand,  the  quantity  p  cannot  necessarily  he  viewed  as  a 
friction  coefficient.  It  probably  should  lie  regarded  as  a  sand  traction  factor  of  sorts. 
Nevertheless,  if  it  is  assumed  that  the  tire-sand  interaction  is  the  same  on  inclines  as  on 
level,  then  n  is  identically  the  same  quantity  in  Equations  (B-l )  and  (B-2).  Eliminating 
#i\V  between  these  equations  results  in 

DBP  =  W  — „  < 
cos  6 


=  Tan  6  =  slope  (%).  (B-3) 

Consequently,  the  maximum  DBP  (as  percentage  of  the  vehicle  weight)  is  numerically 
oq  jal  to  the  maximum  negotiable  slope  if  the  preceding  assumption  is  valid. 
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APPENDIX  C 


COMPUTER  PROGRAM  DESCRIPTION 


This  appendix  contains  the  program  listing,  the  input  format,  and  an  explanation 
of  FORTRAN  symbols. 

A  FORTRAN  computer  program  was  developed  on  the  USAMERDC  CDC  6600 
machine  for  the  analytical  method  proposed  in  Section  1 1-3.  The  program  computes 
vehicle  performance  quantities  when  vehicle  characteristics  and  soil  strength  data  are 
inputed.  In  particular,  the  input  data  required  are  tire  width,  rim  diameter,  number  of 
powered  wheels,  tire  ply  rating,  front  and  rear  tire  inflations,  front  and  rear  axle  loads, 
ami  the  soil  Cl.  Computed  quantities  include  maximum  negotiable  slope,  S  ,  or 

drawbar  pull,  RHP,  vehicle  cone  index  VCI,  ami  S  /DBP  of  a  combination  of  prime 
mover  and  non-powered  towed  vehicles.  Tltc  towed  combination  capability  was  ob¬ 
tained  hv  curve  fitting  motion  resistance  data  in  the  WES  Report  (Plate  23),3  and  is  not 
related  to  data  gathered  in  the  present  work.  The  DBP  was  viewed  as  the  excess  towing 
capacity  of  the  prime  mover  and  was  set  equal  to  the  sum  of  the  motion  resistance  and 
down-slope  weight  component  of  the  towed  vehicle. 

It  should  he  pointed  out  that  when  operating  this  program  for  vehicles  with  gross 
weights  in  the  70,000  to  130,000  lb  range,  the  Cl  input  value  or  VCI  calculation  should 
be  taken  as  that  for  the  0-  to  9-inch  depth  average.  The  corresponding  critical  layer 
for  smaller  vehicles  is  0  to  6  inches.  This  is  a  consequence  of  the  manner  in  which  the 
present  data  was  used  in  deriving  the  adjustment  terms  for  the  C1MM.  It  occurred  that 
the  best  DBP-S  ,tiiv  correlation  was  obtained  for  a  0-  to  9-inch  critical  layer  for  the  30K 

RTFLT  and  for  0-  to  6-inch  layer  for  the  I  OK  RTFI.T.  Measured  Cl  profiles  through¬ 
out  the  tests  were  generally  linear  in  the  0-  to  12-inch  range  with  the  surface  value 
l*eing  about  5  to  10.  Consequently,  Cl  averages  may  be  assumed  to  be  directly  pro¬ 
portional  to  tbc  thickness  of  the  critical  layer.  This  approximation  results  in  little  loss 
of  accuracy  and  provides  a  quick  method  to  calculate  Cl  averages  for  various  critical 
layers. 


U.  S.  Army  Engineer  Waterways  Experiment  Station,  "TrafficabUity  of  Soils,”  Teeh.  Memo.  No.  3-240.  1 7lli 
Supplement,  May  1973. 
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COMPUTER  PROGRAM  LISTING 


PROGRAM  BIH  74/74  0PT*1 


FTN  4.0 *P357 


5 


10 


15 


20 


25 


30 


35 


40 


45 


50 


55 


PROGRAM  8CH( I NPUT  .OUTPUT,  T A PE 5* INPUT ,  T  APE6* OUTPUT ) 

INTEGER  TT 
t.TTIRE 

DIMENSION  TPRESS(IOO) ,CONEIN(100) ,GROSWT(100> 
t,X4<20) ,VCI(20,10),X1|20),XB(20) 

S,TPF(20),TPR(20), ALF< 10 ) , ALR(ZO) 

S,  ADJH20)  ,X5(20) 

t, 

IX2I20, 5>, SLOPE (20 ,5,2  01  ,TOHR(20| ,P( 20, 5,201  ,SLOPEF C20 ,5 , 20J 

C 

C  THIS  PROGRAM  COMPUTES  THE  VEHICLE  CONE  INOEX  ANO  MAXIMUM  SLOPE 
C  FOR  LARGE  WHEELED  MHE  VEHICLES  ON  SAND. 

C  PARAMETERS  ARE  INFLATION  PRESSURE,  GROSS  VEHICLE  HEIGHT,  ANO  CONE 
C  INDEX 
C 

TT*0 

HRIT£<6,100) 

100  FORMAT! 1H1»30  X , *MHE  VEHICLE  CHARACTERISTICS* ,///// ) 

READ (5,35ITTIRE,TOMT 

C 

C  INPUT  OATA 
C 

READ (5,  2 5) TIRE HO, RXMO IA , PMRWHL,T IREPV 
REA0(5,15»IMAX,  JM  AX, UMAX 
REA 0(5,251 (TPF (I) ,I*1,IMAX) 

REA0(5, 251 (TPR(I) ,I*1,IHAX) 

READ (5, 25)(TPRESS(I),I=1,  IHAXI 
REAO(5,25)(CONEIN(J), J*l, JNAX  I 
READ (5, 251 (ALF (111 ,11*1, XI MAX) 

READ! 5, 25)(ALR(II) , 11*1 ,1 IMAXI 
READ  (5,  25»  (GROSHT  (III  ,11*1,  UMAX! 

15  F0RMAT(3I2| 

25  FORMAT(8F10.2| 

35  FORMAT! I2,8X,F10.2l 
C 

C  MAXIMUM  SLOPE  CALCULATION 

C 

00  58  J*1 , JMA X 
X 1(  J) *ALOG10<  CONE  IN  ( J) ) 

58  CONTINUE 

IF(TT»67, 67,68 

67  TTFAC*5. 

GO  TO  69 

68  TTFAC*2. 

69  XA*TTFAC*TIREHO*RIMOIA 
00  71  1*1  ,IMA  X 

X8(I)*.607*TPRESS(II*1.35*117.*TIREPV/XA-4.93 
X4(I1*T PRESS! I ) 

00  71  11*1, UMAX 

X2(I , II)* ALOGIO (GR0SHT( II)/XB(I>) 

A  OJ  1(H)* -0,1  39*GR0SHT(  111/1080,-8.93 
X5(I I 1*44.82- ADJl (II) 

71  CONTINUE 
XSsPHRHHL 
DO  73  1*1 ,  IMA  X 
00  73  11*1, UMAX 
00  73  Jsl , JMA X 


30 


I 


PROGRAM  0CH  74/74  OPT*l 


FTN  4»0*P357 


60 


65 


70 


75 


80 


85 


90 


95 


100 


105 


110 


SLOPE!  I  , I I , J) *28. 9*X1  (J)frll » 10*X2  (I ,  III 
|-1.52*X3-.205*X4(I)-X5(II) 

SLOPE  (1 ,  1 1 ,  J)  *  SLOPE  (I  *1 1»  Jl  *2,17*  (TPF  (I) 
t-TPR(I)  l/TPRESSU) 

S*1.16*!ALF!XI)-ALR(II))/6R0SNT!II> 

IFITTIREI 81,81,80 

80  SLOPE(I , II, J) «SLOPE!I,II, JI*1.072E-4*GROSMT(II)-2. 017 

81  CONTINUE 

C  TONES  COMBINATION 

TONRU)  *207.44*CONEIN(J)**(-. 65461 
TONR(J)  *TONR( JI/100 ,*TONT 

P(I,II,  J) *TONT*SIN( AT  AN (SLOPE (I, II,  J)  7100,1) 

SLOPEF (I, II,  J) «  SLOPE!  I,  II ,JI -1TONR! J)/GROSNT!II)*P! I, 11,3)/ 
SGROSNT ( II) ) *100  , 

73  CONTINUE 
C 

C  VEHICLE  CONE  INDEX  CALCULATION 
C 

SO  711  I* 1 , IMA X 
00  711  II«1,IJ*'.AX 

VCI  ( 1 ,1 1  )--i0,**((-10, 1*X2(I,II)  ♦1.52*X3 

S* .20  5*X 4! I) 4X5  III) 

*-2.17*1  TPFII)-TPR  !I))/T  PRESS  II) 

S-l.  16*  IALFIII>-ALRIII»/GROSNTIII)  1/28.91 
711  CONTINUE 
C 

C  OUTPUT 
C 

N  RIT  E  (6 , 9  9  >  T I  RE  HO ,  RIM  DI A ,  PNRWHL ,  T IREPT 
99  FORMAT! 10X,*TIRE  MIDTH  «*,F5.1,10X,*RIM  flA  **,F5.1,10X, 

S*  NO.  PNR  NHL  *  *F4<Q,10X, 

S’TIRE  PLT  *  *,F4.0,//> 

HRITE (6 , 1751 

175  FORMAT!  17X, -PARAMETERS*  ,41X, 'CALCULATIONS*, //> 

HRITE(6,200) 

200  FORMAT! IX, 9HGR0SS  NT.  ,13x, 10HTIRE  PRESS, 5X.10MCONE  INDEX, 
S8X,SHVC I, 8X.9MMAX  SLOPE  ,1 3x , 17HM A X  SLOPE  ITOHED)) 

NRITE (6 ,2011 

201  FORMAT! 23 X, IMF, 4X  ,  1HR  ,2X,  3HAVE) 

00  250  1 1*1 , UMAX 

NRITE  <6, 262) 

262  FORMAT!//) 

00  250  I* 1, IMA X 
NRITE (6 ,261) 

261  FORMAT!/) 

00  250  J* 1 , JM A X 

NRITE!  6 ,3  00)GROSNT  !II1,TPF(I) ,  TPR  (I) ,  T  PRESS  (I)  »C0NEIN(  J) , 
SVCI!I,II)  ,SLOPE!1 ,11,  J) 

I » 

SSLOPEF! I, II, J) 

300  FORMAT! 2X  ,F7. 0  ,13x,3F4. 0, 6X.F4.0 , 11X.F4.0 , 8X,F7.2, 18X ,F7. 2| 
250  CONTINUE 
STOP 
ENO 
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INPUT  FORMAT 


Input 


Card  No. 

Col.  Nos. 

Definitions 

1 

1-2 

01  -if  Standard  Tires.  02- if  Kadial  Tin 

1 

11-20 

Wl.  of  towed  vehicle 

2 

1-10 

Tire  width-in. 

2 

11-20 

Kim  dia.-in. 

2 

21-30 

No.  of  powered  wheels 

2 

31-40 

Tire  ply  rating 

3 

1-2 

No.  of  inflation  cases 

3 

3-4 

No.  of  cone  index  east’s 

3 

5-6 

No.  of  axle  loading  eases 

4 

1-10,  11-20, 

..71-80 

Front  tire  inflation  values 

3 

1-10,  11-20, 

..71-80 

Rear  tire  inflation  values 

6 

1-10,  11-20. 

..71-80 

A ve.  tire  inflation  values 

i 

1-10,  11-20, 

..71-80 

Cone  index  values 

8 

1-10,  11-20, 

..71-80 

Front  axle  load  values 

<) 

1-10.  11-20, 

..71-80 

Rear  axle  load  values 

10 

1-10, 11-20, 

..71-80 

Cross  veil.  wt.  values 

FORTRAN  SYMROLS 


FORTRAN 

DEFINITION 

AI)J1 

Gross  wt  adjustment  to  floating  constant 

ALF 

Front  axle  load-lbs. 

ALR 

Rear  axle  load-lbs. 

CON  KIN 

Cone  index 

CROSVVT 

Gross  vehicle  weight 

1 

Index  for  tire  inflation  cast's 

II 

Index  for  axle  loading  cases 

1  MAX 

No.  tin*  inflation  eases 

II  MAX 

No.  axle  load  eases 

J 

Index  for  cone  index  eases 

JMAX 

No.  cone  index  eases 

P 

Down-slope  component  of  towed  vehicle  weight 

PWRWIIL 

No.  of  powered  wheels 

SLOPE 

Maximum  negotiable  slope 

SLOPKF 

Max.  negotiable  slope  of  towed  combination 

T1RKPY 

Tire  ply  rating 

TIRKWI) 

Tire  section  width 

TOWR 

Motion  resistance 

TOWT 

Wt  of  towed  vehicle 

TPF 

Front  tire  inflation-psi 

TPR 

Rear  tire  inflation-psi 

TPRESS 

Average  tire  inflation-psi 

IT 

Terra  tire  index 

TTFAC 

Constant  for  terra/standard  tire 

VCI 

Vehicle  cone  index 

XA 

Intermediate  quantity  in  contact  area 

XII 

Contact  area 

XI 

Soil  strength  term,  Log,0  of  cone  index 

X2 

Eog10  of  contact  area  factor 

X3 

Same  as  PWRWIIL 

X4 

Same  as  TPRESS 

X5 

“Floating”  constant  in  performance  formula 
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’>  oi.n 


Standard  Tirt-s 
Equal  axle  load 


50  K  RTFI.T 


conk  jm>:;x 


Standard  Tires  50K  RTFl.T 

Kauai  axle  load 


Standard  Tin's 
Kqual  axle  load 


50 K  HTKI.T 


yu/M  N  a 


50  K  RTFLT 


Standard  Tires 
I  nequal  axlr  toad 


50 K  HTFI.T 


75/S”.  OU) 


75/S5  iM,\V 


90/55  NliW  A 

90/55  OLD 

90/02  ni-:u 

90/62  OLD 


R5D  300  400  500 


Standard  Tires 
Unequal  axle  load 


50 K  RTFI/T 


Graph  10  Standard  Tres  50  K  RTFI.T 

Unequal  axle  load 


44 


50/50  NEW 

62/62  NEW 
62/62  OKO 


iph  13  Standard  Tires  50K  RTFI.T 

No  axle  load 


6 


02/50,50/62  Ol  0 
62/50  NI'W 
50/62  NEW 


Standard  Tires 
No  axle  load 


50K  RTH.T 


•  a; 


62/35,  35/62  0L1 
02/35, \):\V 
35/0.- 


(>raph  I  f> 


Standard  Tin’s 
No  axle  load 


50 K  RTFI.T 


6 


Standard  Tires 
No  axle  load 


50 K  RTFI.T 


5 


Radial  Tirrs 
Kqual  axle  load 


50  K  RTFI.T 


Hxiilial  Tires 


.r,0K  HTKI.T 


ill 


50/3  > 
35/50 


50 K  HTKI.T 


Graph  34 


Radial  Tires 
No  axle  !  iad 


30k  RTFI.T 


30  30  old 
30/30  new  ▲ 

40/40  ne.v  ■ 

50/50  new  9 

40  40  old 


50  50  old 


10k  HTK1.T 


Standard  Tires 
kqual  axle  load 


' 

1 

, 

1 

,  1 

’  ' 

»  . 

' 

\  1 

♦  1 

r  | 

\  T 

I  ’ ' 

1  f 

. 

• 

■  . 

50/30  new  ■ 
30/50  new  A 
50/30,  30/50  old 


50/40  new® 
40/50  new  a. 


5l.ind;iril  Tin  s 
l'.(|ii.i!  axle  IimiI 


IOK  HTKI.T 


Standard  Tin’s 
Ki|iial  axlr  load 


iOK  HTFI.T 


t 


;i()/:iO  old 
30/30  new 


Standard  'I'ir*-.- 
I  ih'(|ujI  axle  load 


I0K  HI  I  IT 


Sliiriil.ini  Tires 


l()K  H  I  I'l.T 


(iraph  42 


Slamlaril  Tin’s 
l  iiequal  axle  load 


10K  HTF1.T 


Standard  Tires 
l  nrqual  axle  load 


I  OK  RTF1.T 


. 


I  45/23  new 


35/30  new,  old 'A 
45/23  old 

50/45  new* 


Standard  Tires 
Inequal  axle  load 


I0K  KTFI  T 


Standard  Tiro 


I  OK  RTFI.T 


8 


Standard  Tirrs 


1  OK  RTFLT 


Kurlkil  Tires 


I  OK  KTFI.T 


50/40/45 

40/50/45 


(irapli  52 


Radial  Tin*  IOK  RTFI.T 

Kcpial  axle  load 


85 


53 


Radial  Tires 
Equal  axle  load 


I  OK  RTFI.T 


Graph  54 


Radial  Tires 
Kqnal  axle  load 


I  OK  RTFLT 


s 


(Iraph  ^5 


Hadial  T  iri’s 
l  M<'(|iial  axle  load 


IOK  KTKI.T 


Radial  Tiro 
l  n<(|ua!  axlr  load 


IOK  HTKI.T 


(Jraph  r»7 


Radial  Tires 
lnc<|ual  axle  load 


I0K  RTFJ.T 


Radial  Tin's 
l  rn  (|ual  axli’  load 


10K  RTFI.T 


Radial  Tin1? 
l  nrqual  a\lr  load 


I0K  RTI’l.T 


30/30/30 

40/40/40 

50/50/50 


Graph  60 


Radial  Tir'-s  I  OK  KTFLT 

No  axle  load 


jl 


Hadi.il  nri'> 
\o  axle  l<,  >il 


I  OK  HTKI.T 


K.nliul  Tires 


I  OK  HTF1.T 


VII 


20 


max 


10 


ABBREV IATIONS,  ACRONYMS,  and  SYMBOLS 


AL 

C 

CAP 

Cl 

CIMM 

I) 

DBP 

EQ  AX 

FLT 

CVW 

k,K 

MIIK 

NPW 

PSI 

RTC 

RTFLT 

S 

S 

max 

SFC 

TP 

VCI 

W 

Wd 
WES 
6K 
I  OK 
50K 
20-T 
A 
0 
P 

a 

SUBSCRIPTS: 

ave 

F 

FL 

ID 

Proj 

R 


Axle  Load  (pounds) 

Collection  of  Terms  in  CIMM  Formula 
Contact  Area  Factor 
Cone  Index  (psi) 

Cone  Index  Mobility  Model 
Tire  rut  depth  (inches) 

Drawbar  Pull  (measured  in  pounds  but  made  dimensionless) 
Equal  Axle  Load 
Forklift  Truck 

Gross  Vehicle  Weight  (pounds) 

Constants 

Materials  Handling  Equipment 

Number  of  powered  wheels 

pounds  per  square  inch 

Rough  Terrain  Crane 

Rough  Terrain  Forklift  Truck 

Slope  on  which  vehicle  is  operating  (percent) 

Maximum  negotiable  slope 
Surface 

Tire  Inflation  Pressure 
Vehicle  Cone  Index 
Weight 

Tire  rut  width  (inches) 

Waterways  Ex|>crimcnt  Station 
6,000- lb  Capacity,  or  payload 
10,000-lb  capacity,  or  payload 
50, 000-lb  capacity,  or  payload 
20-Ton  Rough  Terrain  Crane 
Change  in  Variable 
Angle  of  Inclination 
Friction  cue  flit  ic  it 
Proportional  to 


average  value 

Front  Axle 

Floating  Constant 

related  to  F-R  inflation  differences 

Projected  value 

Rear  Axle 
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